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Abstract  
Deciphering the Role of Kinetochores and Microtubules during Interphase and 
Mitosis in Toxoplasma gondii  
Author: Megan C. Farrell  
Advisor: Dr. Marc-Jan Gubbels  
The obligate intracellular parasite Toxoplasma gondii exhibits closed mitosis, as 
chromosome segregation occurs with the confines of the nuclear envelope. Distinct 
structural changes are absent during mitosis, as the nucleolus is maintained and 
condensation of chromosomes is largely restricted. Moreover, the centromeres are 
clustered and remain persistently associated with the centrocone (spindle pole). To 
elucidate the process of chromosome segregation during mitosis in the parasite, the role 
of kinetochores and microtubules was examined. Localization studies of the functionally 
conserved kinetochore proteins TgNuf2 and TgNdc80 revealed that clustered 
kinetochores colocalize with clustered centromeres at the centrocone throughout the cell 
cycle. Pharmacological disruption of microtubules resulted in partial loss of clustering, 
which indicates spindle microtubules are necessary, but not strictly required for this 
process. Furthermore, the generation of a conditional TgNuf2 knockdown revealed this 
kinetochore protein is essential for chromosome segregation but dispensable for 
clustering of centromeres, which remain associated with the centrocone. Moreover, in the 
absence of TgNuf2 the centrosome behaves normally, but looses its association with the 
centrocone. Further analysis of this phenotype revealed that the centrocone is devoid of 
spindle microtubules following depletion of this essential kinetochore protein. 
Examination of tubulin localization dynamics through parasite development showed that 
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the initiation of spindle microtubules occurs at the basal region of the nucleus prior to 
centrosome duplication. Furthermore, acetylation of !-tubulin, a posttranslational 
modification associated with microtubule stability, was confirmed to be specifically 
associated with stabilization of the spindle microtubules following comigration of the 
centrocone and centrosome to the apical end of the nucleus. Collectively, these data 
demonstrate that the persistent association of clustered centromeres with the centrocone 
is independent of spindle microtubules. These discoveries are contributing unprecedented 
details to chromosome anchoring and segregation during the cell cycle in this protozoan 
parasite.  
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CHAPTER 1: INTRODUCTION 
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1.1. Introduction  
The protozoan parasite Toxoplasma gondii is a member of the Apicomplexa, a phylum 
comprising approximately 5000 species, which are nearly all-obligate intracellular 
parasites. Generally regarded as an opportunistic pathogen, T. gondii is responsible for 
the development of toxoplasmosis-associated encephalitis and congenital toxoplasmosis 
in humans (Luft et al., 1992, Montoya et al., 2004). Additional pathogens of medical and 
economic importance include the causative agent of malaria, Plasmodium species (Haldar 
et al., 2009), which results in the death of 1-2 million individuals annually. Infection by 
Cryptosporidium species and Cyclospora cayetanesis results in gastrointestinal enteritis, 
specifically severe diarrhea (Mansfield et al., 2004, Tzipori et al., 2002). Tick-
transmitted Babesia and Theileria species produce serious disease in a range of wild and 
domestic animals, including cattle (Bishop et al., 2004, Schnittger et al., 2012), whereas 
infection of poultry by Eimeria species results in coccidiosis, causing severe economic 
loss worldwide (McDonald et al., 2009). Rapid replication resulting in massive tissue 
destruction is the hallmark of pathogenesis induced by these human and animal 
pathogens (Gubbels et al., 2008, Haldar et al., 2009, Radke et al., 2001). 
 
1.2. Epidemiology and Pathogenesis  
Although felids are the only known definitive host, T. gondii is capable of infecting any 
nucleated cell of any warm-blood vertebrate (Carruthers, 1999). Humans acquire an 
infection through the consumption of infected under-cooked meat containing bradyzoite 
tissue cysts or though the ingestion of food or water contaminated with cat feces 
containing oocysts (Montoya et al., 2004). Additionally, infection may be transmitted 
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transplacentally from mother to fetus or during an organ transplant or blood transfusion 
(Montoya et al., 2004). It is estimated that 22.5% of individuals in the United States are 
infected with this intracellular parasite (Jones et al., 2001). Acute infection is marked by 
the rapid replication of tachyzoites, resulting in massive tissue destruction. The mounting 
immune response triggers the conversion of tachyzoites to bradyzoites resulting in the 
formation of tissue cysts during a chronic phase, which persists for life. The pathology 
associated with the acute phase of infection is generally curbed by the immune system in 
immunocompetent individuals (Jones et al., 2001). Conversely, infection in 
immunocompromised individuals, particularly persons suffering from AIDS effectively 
results in severe disease due to recurring lytic cycles (Barsoum, 2004, Luft et al., 1992, 
Sahasrabudhe et al., 2003). Disease in AIDS patients generally results from the 
reemergence of a latent infection, primarily affecting the central nervous system resulting 
in toxoplasmosis encephalitis (Liesenfeld, 1999, Montoya et al., 2004, Porter et al., 
1992). Congenital infection during pregnancy may result in spontaneous abortion, 
congenital toxoplasmosis, retinochoroiditis and birth defects (Jones et al., 2001).  
 
1.3. Endodyogeny: division by internal budding    
During the asexual stage T. gondii divides by an internal budding mechanism known as 
endodyogeny, resulting in the formation of two daughter cells (Fig. 1.1) (Sheffield et al., 
1968, Striepen et al., 2007). This process is initiated with the expansion and division of 
the Golgi complex followed by centrosome duplication at the basal region of the nucleus 
(Hartmann et al., 2006). Following duplication, the centrosomes migrate to the apical 
region of the nucleus and associate with the elongated apicoplast (Nishi et al., 2008, 
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Striepen et al., 2000). Duplication of the haploid genome initiates upon entry into S phase 
of the cell cycle. During mitosis assembly of the daughter cytoskeletons initiates by the 
centrosomes, indicating the interconnection of mitosis and cytokinesis (Anderson-White 
et al., 2012, Chen et al., 2013, Gubbels et al., 2006, Radke et al., 2001, White et al., 
2005). The developing daughter cytoskeleton is composed of the inner membrane 
complex (IMC) and 22 subpellicular microtubules, which provide structural integrity 
(Anderson-White et al., 2011, Hu et al., 2002, Mann et al., 2001). Upon completion of 
DNA replication, the nucleus and apicoplast divide and partition into the developing 
daughter parasites (Nishi et al., 2008). During the continued assembly of the cytoskeleton 
the perinuclear endoplasmic reticulum (ER) is partitioned into the developing daughters 
(Nishi et al., 2008). Secretory organelles essential to invasion are synthesized de novo 
during daughter development, as the maternal micronemes, rhoptries and dense granules 
are recycled to the residual body (Nishi et al., 2008). The mitochondrion is the final 
organelle to be incorporated into the developing daughter parasites, just prior to the 
emergence of the daughters from the mother (Nishi et al., 2008). The mother’s 
cytoskeleton disassembles; the daughter parasites acquire the plasma membrane of the 
mother during the disassembly and emerge from the mother, leaving only a small residual 
body. Taken together, endodyogeny is a unique mode of division which links mitosis and 
cytokinesis, as cytoskeleton assembly initiates before the completion of DNA replication 
(Anderson-White et al., 2012, Gubbels et al., 2008, Hu et al., 2002, Nishi et al., 2008, 
Radke et al., 2001, Striepen et al., 2007).  
 
1.4. Mitosis: diversity among eukaryotes  
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The segregation of duplicated genomes during cell division is a characteristic universal to 
all domains of life (Drechsler et al., 2012, Errington et al., 2005, Yanagida, 2005). Proper 
segregation of nuclear material in prokaryotes occurs by binary fission, as these 
organisms lack a nucleus. In contrast to prokaryotes, mitosis is universal to all 
eukaryotes, however features of this process vary among species. The genome of all 
eukaryotes is located within a nucleus, which is enclosed by a nuclear envelope 
composed of a double lipid bilayer (Drechsler et al., 2012). Serving as a physical barrier, 
the nuclear envelope harbors nuclear pore complexes (NPCs) composed of nucleoporins, 
which mediate the passage of macromolecules from the nucleus to the cytoplasm and vice 
versa (Grossman et al., 2012). The NPCs connect the outer nuclear membrane, which 
remains continuous with the ER, and the proteins of the inner nuclear membrane, which 
interact with chromatin and the nuclear lamina (Arnone et al., 2013, Drechsler et al., 
2012, Guttinger et al., 2009, Schooley et al., 2012). In metazoans the fibrous intermediate 
filament network making up the nuclear lamina is composed of lamins, which provides 
structural rigidity to the nucleus (Guttinger et al., 2009).  
 The nuclear envelope of metazoans disassembles during nuclear division to 
facilitate the binding of chromosomes to the mitotic spindle (Fig. 1.2C) (Anderson et al., 
2008). This process, termed “open mitosis”, begins with the activation of mitotic kinases, 
which results in NPC disassembly, and depolymerization of the nuclear lamina during 
prometaphase in mammalian cells (Gerace et al., 1980, Guttinger et al., 2009). Prior to 
the breakdown of the nuclear envelope, the assembly of the spindle is initiated with the 
formation of microtubular asters around the two centrosomes serving as microtubule 
organizing centers (MTOCs) during prophase (Rosenblatt, 2005, Guttinger et al., 2009). 
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Microtubule motors drive the movement of the centrosomes along the nuclear envelope 
(Rosenblatt, 2005). The mitotic spindle comprises the centrosomes, spindle microtubules 
and microtubule-associated proteins. In conjunction with dynenin and microtubule-
associated proteins, the cytoplasmic astral microtubules ensure orientation of the mitotic 
spindle, whereas the polar microtubules in combination with motor proteins maintain its 
polarity. Kinetochore microtubules bind kinetochores, macromolecular protein 
complexes that assemble on the centromeres of condensed chromosomes during 
prometaphase to mediate microtubule binding. Proper kinetochore attachments and 
alignment at the metaphase plate signal the congression of chromosomes to the bipolar 
spindles during anaphase. Reassembly of the nuclear envelope occurs during telophase 
(Guttinger et al., 2009, Anderson et al., 2008), which is followed by cytokinesis.  
 In contrast to metazoans, most unicellular eukaryotes retain the nuclear envelope 
during mitosis (Fig. 1.2A). This principle of “closed mitosis” is well characterized in 
fungi, specifically within the phylum Ascomycetes (Drechsler et al., 2012). Budding and 
fission yeast harbor a MTOC embedded in the nuclear envelope known as a spindle pole 
body (SPB). This structure is functionally equivalent to the metazoan centrosome, 
however it lacks centrioles. Permanently embedded in the nuclear envelope throughout 
the cell cycle, the SPB in Saccharomyces cerevisiae nucleates both nuclear and 
cytoplasmic microtubules (Jaspersen et al., 2004, Segal et al., 2001). Duplication of the 
SPB completes during S phase, initiating the assembly of the spindle (Helfant, 2002, 
Segal et al., 2001). Barring disassembly and brief detachment during the replication of 
centromeric DNA, the kinetochores exhibit continual attachment to microtubules 
(Kitamura et al., 2007, Roy et al., 2013). Prior to the onset of mitosis, the duplicated 
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SPBs begin to separate and the spindle aligns along the mother-daughter axis at the bud 
neck (Segal et al., 2001). This alignment is critical, as division in budding yeast is 
asymmetrical. Mitosis proceeds as the spindle elongates and chromosomes segregate to 
opposite poles during anaphase, bypassing the formation of a metaphase plate (Segal et 
al., 2001, Straight et al., 1997). The spindle is disassembled prior to the onset of 
cytokinesis (Segal et al., 2001). 
 Fission yeast Schizosaccharomyces pombe also undergo “closed mitosis”, 
however the SPBs are only temporarily inserted into the nuclear envelope. Located in the 
cytoplasm during interphase, the SPBs duplicate during the G1/S transition (Uzawa et al., 
2004). As mitosis begins, the duplicated SPBs penetrate the nuclear envelope, which 
initiates the formation of the spindle (Ding et al., 1997, Drechsler et al., 2012, Gu et al., 
2012, Roy et al., 2013). Following alignment at the metaphase plate, chromosomes 
segregate to opposite poles as the spindle elongates during anaphase (Gay et al., 2012, 
Gu et al., 2012). As mitosis concludes the SPBs are expelled from the nuclear envelope, 
returning to the cytoplasm (Ding et al., 1997).  
 Distinct from its mammalian host, segregation of duplicated chromosomes occurs 
within the confines of the nuclear envelope in T. gondii. Moreover, the nucleolus is 
maintained and condensation of chromosomes is restricted, as such structural changes are 
absent during mitosis (Senaud, 1967). Embedded in the nuclear envelope, the spindle 
pole is housed in the centrocone, an electron-dense membrane invagination exclusive to 
apicomplexans (Dubremetz, 1973, Gubbels et al., 2006). The cytoskeletal membrane 
occupation and recognition nexus (MORN1) protein localizes to the centrocone 
throughout the cell cycle, demonstrating the retention of the centrocone (Ferguson et al., 
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2008, Gubbels et al., 2006, Heaslip et al., 2010, Lorestani et al., 2010). The intranuclear 
spindle associates with the cytoplasmic centrosome, which serves as the MTOC for 
spindle microtubules in this protozoan parasite (Gubbels et al., 2006). As previously 
mentioned, duplication of the centrosome also prompts the assembly for the daughter 
cytoskeletons (Anderson-White et al., 2012, Hartmann et al., 2006, Hu et al., 2002a, 
Striepen et al., 2000, Chen et al., 2013). Polymerization of microtubules results in the 
expansion of the spindle, facilitating migration of the duplicated spindle poles (Gubbels 
et al., 2008, Striepen et al., 2007). Migration to the extreme polar regions of the nucleus 
is not observed, thus bipolar spindle poles do not form during mitosis in Toxoplasma.  
 There are numerous variations of closed and open mitosis resulting in partial 
membrane breakdown (Fig. 1.2B). For example, transient insertion of SPBs is also 
exhibited by fission yeast Schizosaccharomyces japonicus, however anaphase is marked 
by the fragmentation of the nuclear envelope (Aoki et al., 2011, Gu et al., 2012, Horio et 
al., 2002, Yam et al., 2011). This intermediate form of mitosis is termed “semi-open” as 
the nuclear envelope ruptures while surrounding an intranuclear spindle. Mitosis 
proceeds similarly to that of S. pombe, however during anaphase the elongating spindle 
experiences increasing tension (Yam et al., 2011, Aoki et al., 2011). This buckling is a 
direct result of lack of a membrane reservoir, which prevents an increase in nuclear 
surface area. Rupture of the nuclear envelope serves to prevent the physical collapse of 
the spindle (Yam et al., 2011, Aoki et al., 2011). This concept of “semi-open” mitosis is 
also exhibited in higher eukaryotes resulting in partial nuclear envelope disassembly. In 
Caenorhabditis elegans embryos cytoplasmic proteins freely diffuse into the nucleus due 
to the partial breakdown of the NPCs during prometaphase (Hayashi et al., 2012, Lee et 
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al., 2000). Similarly, syncytial Drosophila melanogaster embryos exhibit partial 
disassembly of the NPCs (Fig. 1.2B) (Stafstrom et al., 1984). Openings in the nuclear 
envelope are limited to the spindle pole in these embryos until anaphase when the 
membrane completely disassembles (Lee et al., 2000). Similarly, the filamentous fungus 
Aspergillus nidulans exhibits limited breakdown of the NPCs during mitosis (De Souza et 
al., 2004). Partial disassembly is dependent upon the never-in-mitosis (NIMA) kinase, 
thereby permitting mitotic entry and tubulin import (De Souza et al., 2004, De Souza et 
al., 2007).  
The evolutionary factor(s) motivating this vast mitotic diversity remains 
unknown, however centrosome positioning has been proposed as the force driving 
nuclear envelope variation among eukaryotes (Arnone et al., 2013). As previously 
discussed, in organisms exhibiting closed mitosis, such as S. cerevisiae and S. pombe, the 
SPB is embedded in the nuclear envelope, whereas during open mitosis the centrosome is 
positioned in the cytoplasm. As in S. cerevisiae, the spindle pole is at all times embedded 
in the nuclear envelope in Toxoplasma, which suggests the chromosomes are persistently 
anchored throughout the cell cycle (Gubbels et al., 2006).  
 
1.5. Kinetochores  
1.5.1. Kinetochore assembly  
Chromosomes attach to spindle microtubules via the kinetochore, a macromolecular 
protein complex that assembles on the centromere. At the primary sequence level there is 
much divergence among kinetochore proteins across species, but in nearly all eukaryotes 
there is functional conservation (Akiyoshi et al., 2013, Johnston et al., 2010). Moreover, 
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while the site of kinetochore assembly is functionally conserved, centromeres vary in 
length, sequence and the assembly of kinetochore proteins (Cleveland et al., 2003, 
Johnston et al., 2010). Highly divergent, centromeres are broadly characterized into three 
categories: point centromere, regional centromere and holocentric (Akiyoshi et al., 2013, 
Henikoff et al., 2001). Well characterized in S. cerevisiae, point centromeres extend only 
125 base pairs and are composed of three centromeric DNA elements (CDE), which 
dictate the site of centromere assembly (Cottarel et al., 1989, Fitzgerald-Hayes et al., 
1982, Hieter et al., 1985). These elements are present on all 16 chromosomes (Fitzgerald-
Hayes et al., 1982). In contrast, regional centromeres are epigenetically defined, spanning 
up to several megabases in metazoans, plants and the majority of yeasts (Clarke et al., 
1986, Cleveland et al., 2003, Houben et al., 2003, Meraldi et al., 2006, Sanyal et al., 
2004, Schueler et al., 2001, Sun et al., 1997). Although a defined DNA sequence is 
absent, the heterochromatic DNA of regional centromeres is marked by arrays of satellite 
DNA. Similarly, centromere assembly is epigenetically defined in T. gondii, as indicated 
by the absence of sequence motifs and the accumulation of bi-methylated histone 3 lysine 
9 (H3K9me2) and tri-methylated histone 3 lysine 9 (H3K9me3) within heterochromatic 
regions (Brooks et al., 2011). Recent work has demonstrated that the chromodomain-like 
protein TgChromo1 localizes to the T. gondii centromeres and binds specifically to 
heterochromatin (Gissot et al., 2012). In contrast, binding of the heterochromatin protein 
1 (HP1) to H3K9me3 is associated with antigenic variation in P. falciparum (Flueck et 
al., 2009, Perez-Toledo et al., 2009). Interestingly, the centromeres of the malaria 
parasite are composed of exceptionally AT-rich (~97%) regions (Kelly et al., 2006) and 
are devoid of heterochromatin (Hoeijmakers et al., 2012).  
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 While centromeres differ extensively across species, a universal characteristic of 
centromeric chromatin is the presence of the histone H3 variant, centromeric protein A 
(CENP-A) (Westhorpe et al., 2013). Assembly of the kinetochore is a multi-step process 
and is dictated by this nucleosome in a range of eukaryotes including, yeast (Collins et 
al., 2005), C. elegans (Buchwitz et al., 1999, Oegema et al., 2001), D. melanogaster 
(Blower et al., 2001) and vertebrates (Liu et al., 2006, Regnier et al., 2005). Deposition 
of CENP-A to centromeric chromatin during the cell cycle is exclusive to each species 
(Shivaraju et al., 2012). In S. cerevisiae, a single CENP-A homolog Cse4 molecule 
associates with centromeric chromatin during S phase (Pearson et al., 2004, Shivaraju et 
al., 2012). As budding yeast progress through mitosis and enter anaphase, two Cse4 
molecules are deposited to the centromeres (Aravamudhan et al., 2013, Shivaraju et al., 
2012). Similarly, incorporation of the S. pombe CENP-A homolog Cnp1 is biphasic, 
occurring during S and G2 phases (Takayama et al., 2008). Proper centromeric assembly 
of CENP-A homologs is mediated by suppressor of chromosome missegregation 3 
(Scm3), a non-histone protein that serves as a chaperone in S. cerevisiae (Camahort et al., 
2007, Mizuguchi et al., 2007, Stoler et al., 2007) and S. pombe (Pidoux et al., 2009, 
Williams et al., 2009). In humans, CENP-A is recruited to centromeric chromatin during 
G1 (Bodor et al., 2013, Jansen et al., 2007), which is mediated by the Holliday junction 
recognition protein (HJRUP), a chromatin assembly factor (Dunleavy et al., 2009, Foltz 
et al., 2009, Zasadzinska et al., 2013). Recent analysis led to the identification of two 
histone H3 encoding genes and a CENP-A homolog in the genomes of T. gondii (Brooks 
et al., 2011) and P. falciparum (Hoeijmakers et al., 2012).  
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 The recruitment of kinetochore proteins to centromeric chromatin during the cell 
cycle is dynamic across eukaryotes. In vertebrates, a group of 16 proteins (CENP-C, -H, -
K – P, S – U, -W, -X) termed the constitutive centromere-associated network (CCAN) 
persists throughout the cell cycle (Amano et al., 2009, Foltz et al., 2006, Hori et al., 
2008, Okada et al., 2006, Saitoh et al., 1992, Sugata et al., 2000). Additional components 
localize transiently to the kinetochore, as assembly occurs late during interphase and 
depletion ensues by the completion of mitosis (Cheeseman et al., 2008a, Cheeseman et 
al., 2008b, Liu et al., 2006). In contrast, S. cerevisiae kinetochore proteins exhibit 
continuous residence at the centromere (Goshima et al., 2000, Meluh et al., 1998). With 
the exception of a single protein complex, components of the S. pombe kinetochore 
remain constitutively assembled as well (Liu et al., 2006, Sanchez-Perez et al., 2005).  
 The structural assembly of yeast and vertebrate kinetochores during mitosis is 
mediated by CCAN components (Cheeseman et al., 2008a). In vertebrates, the 
constitutive centromere protein CENP-C (Saitoh et al., 1992, Yang et al., 1996) 
mobilizes the histone variant CENP-A to centromeric chromatin via the C-terminus (Fig. 
1.3) (Carroll et al., 2010, Hori et al., 2013). In S. cerevisiae Cse4 recruits the CENP-C 
homolog Mif2 to the centromere (Westermann et al., 2003a). Similarly, Cnp1 is required 
for localization of the CENP-C homolog Cnp3 in S. pombe (Tanaka et al., 2009). 
Moreover, the N-terminus of CENP-C contributes to the structural assembly through the 
recruitment of the highly conserved four-subunit Mis12 complex to the kinetochore (Fig. 
1.3) (Gascoigne et al., 2011, Hori et al., 2013, Przewloka et al., 2011, Screpanti et al., 
2011). Although independent in humans (Goshima et al., 2003) and S. pombe (Takahashi 
et al., 2000), the association of the Mis12 homolog Mtw1 with centromeric chromatin is 
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reliant on Cse4 in S. cerevisiae (Collins et al., 2005, Pinsky et al., 2003, Westermann et 
al., 2003a). This highly conserved complex recruits microtubule-binding proteins, 
contributing to the assembly of the outer kinetochore (Cheeseman et al., 2008a). In 
vertebrates, the Nsl1 subunit of the Mis12 complex interacts with microtubule-binding 
proteins kinetochore null 1 (KNL-1) and the spindle pole component 24/25 (Spc24/25) 
heterodimer subunits of the nuclear division cycle 80 (Ndc80) complex via its C-terminus 
(Fig. 1.3) (Petrovic et al., 2010). An analogous interaction between the Mtw1 complex 
and Spc24/25 occurs in S. cerevisiae (Hornung et al., 2011), however the Mtw1 and 
Ndc80 complexes are not required for the assembly of the KNL-1 homolog Spc105 to the 
kinetochores (Pagliuca et al., 2009). In addition to the Mis12 complex, KNL-1 in 
conjunction with the centromeric protein CENP-K, directs the assembly of the Ndc80 
complex at vertebrate kinetochores (Cheeseman et al., 2008b, Okada et al., 2006). 
Moreover, the extended N-terminus of the CCAN component CENP-T directly binds to 
the Ndc80 complex, thereby recruiting this component to the kinetochore (Gascoigne et 
al., 2011, Suzuki et al., 2011). Specific only to yeast, localization of the Duo and Mps1 
interacting 1 (Dam1) complex to the kinetochore in S. cerevisiae is mediated by the 
Ndc80 complex (Fig. 1.3) (He et al., 2001). The Ndc80 complex interacts with the 
microtubules and its addition completes kinetochore assembly. 
 
1.5.2. Kinetochore-microtubule interface  
Composed of !"-tubulin heterodimers, microtubules are polarized, as "-tubulin subunits 
are exposed at the plus (+) ends, whereas, !-tubulin subunits are exposed at the minus (-) 
ends of the protofilaments. The plus ends of microtubules bind to kinetochores 
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(Euteneuer et al., 1981) and rapidly transition between states of polymerization and 
depolymerization, a phenomenon termed dynamic instability (Kirschner et al., 1986, 
Mitchison et al., 1984). Microtubules are nucleated at the centrosomes and kinetochores 
during the early phases of mitosis (Khodjakov et al., 2003, Kitamura et al., 2010, Maiato 
et al., 2004, Rieder, 2005). A single vertebrate kinetochore is capable of forming 
attachments with 20-30 microtubules (McDonald et al., 1992), whereas S. pombe 
kinetochores bind only two to three microtubules (Winey et al., 1995). A single-end on 
attachment site is present on each S. cerevisiae kinetochore (Winey et al., 1995). While it 
remains largely undefined, immunofluorescence analysis previously revealed the 
presence of 11 spindle microtubules in T. gondii (Swedlow et al., 2002), which harbors 
14 chromosomes, suggesting Toxoplasma resembles S. cerevisiae in this respect. 
Kinetochores form initial lateral attachments by binding to the lattice of spindle 
microtubules (Rieder et al., 1995, Tanaka et al., 2005). Lateral attachments are converted 
to end-on attachments as the kinetochore is translocated along the lattice of a 
depolymerizing microtubule (Hayden et al., 1990, Rieder et al., 1995, Tanaka et al., 
2005). Once bound to the plus end of the spindle microtubule, the kinetochore is 
transported towards the spindle pole (Tanaka et al., 2007). Microtubule motor proteins, 
kinesins and kinetochore proteins mediate end-on attachments, linking microtubules to 
kinetochores (Cheeseman et al., 2008a).  
 A highly conserved kinetochore component, the KMN (composed of KNL1 and 
the Mis12 and Ndc80 complexes) is essential for the establishment of end-on attachments 
with microtubules (Cheeseman et al., 2006, Deluca et al., 2005, Desai et al., 2003, 
McCleland et al., 2003, Vorozhko et al., 2008) and signaling the spindle assembly 
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checkpoint (SAC). The four-subunit Mis12 complex (Nsl1, Dsn1, Mis12, Nnf1) is critical 
for the structural assembly of the kinetochore (Cheeseman et al., 2008a). Depletion of the 
various subunits of constitutively localized centromeric protein complex causes defects in 
chromosome alignment and segregation (Goshima et al., 2003, Goshima et al., 1999, 
Kline et al., 2006). Exhibiting microtubule-binding activity, the KNL-1 subunit localizes 
to the kinetochores during mitosis (Cheeseman et al., 2004) and is responsible for the 
recruitment of the outer kinetochore proteins ZW10 interactor (ZWINT) and CENP-F 
(Cheeseman et al., 2008b) as well as SAC components (Fig. 1.3) (Kiyomitsu et al., 
2007). An essential kinetochore component, KNL-1 is critical for proper chromosome 
segregation (Cheeseman et al., 2008b, Desai et al., 2003, Kerres et al., 2007, Nekrasov et 
al., 2003). 
 The widely conserved Ndc80 complex mediates kinetochore-microtubule 
associations through the direct interaction with microtubules (Cheeseman et al., 2006, 
Deluca et al., 2006). This heterotetrameric complex is composed of heterodimer subunits 
nuclear filament-containing protein 2 (Nuf2)-Ndc80 and Spc24-Spc25, which interact via 
coiled-coiled regions (Cheeseman et al., 2008a, Ciferri et al., 2008, Wei et al., 2007). 
Associating with the Mis12 complex (Petrovic et al., 2010) and a CCAN component 
(Gascoigne et al., 2011) at the centromere, the globular region of the Spc24-Spc25 
heterodimer is required for assembly of the Nuf2-Ndc80 heterodimer onto the 
kinetochore (Bharadwaj et al., 2004, Ciferri et al., 2005). The Nuf2-Ndc80 heterodimer 
interacts with the plus-ends of microtubules (Deluca et al., 2006). While both Nuf2 and 
Ndc80 contain a calponin homology (CH) domain (Wei et al., 2007, Ciferri et al., 2008), 
only the CH domain of Ndc80 is essential for microtubule binding (Sundin et al., 2011, 
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Tooley et al., 2011). The positively charged N-terminal tail of the Ndc80 CH domain 
binds the acidic C-terminus of tubulin (Alushin et al., 2010, Ciferri et al., 2008, Tooley et 
al., 2011). Timely mitotic progression and generation of significant kinetochore tension is 
dependent upon the Nuf2 CH domain (Sundin et al., 2011).  
 The establishment of stable kinetochore-microtubule attachments during mitosis 
is also dependent upon the spindle and kinetochore associated 1 (Ska1) complex 
(Gaitanos et al., 2009, Theis et al., 2009, Welburn et al., 2009). Localization of this 
homotrimeric complex to kinetochores is dually reliant on microtubules and the Ndc80 
complex (Gaitanos et al., 2009, Hanisch et al., 2006). Moreover, it has recently been 
shown that localization of this protein complex is also dependent upon KNL-1 and the 
Mis12 complex (Chan et al., 2012). While depletion of the Ska1 complex subunits 
inhibits the formation of stable kinetochore-microtubule attachments due to defects in 
chromosome congression, protein levels and localization of the Ndc80 complex to the 
kinetochore remain largely unaffected (Gaitanos et al., 2009). In addition the ability to 
track the plus-ends of depolymerizing microtubules (Schmidt et al., 2012), the Ska1 
complex forms oligomeric structures along the microtubules lattice (Welburn et al., 
2009). It has been proposed that this microtubule-binding protein complex serves as the 
functional Dam1 homolog in vertebrates (Gaitanos et al., 2009, Hanisch et al., 2006, 
Schmidt et al., 2012, Welburn et al., 2009). Only present in fungi, the Dam1 complex is 
necessary for kinetochore-microtubule attachments (Lampert et al., 2010, Tien et al., 
2010, Westermann et al., 2006). Analogous to the Ska1 complex, microtubules and the 
Ndc80 complex are required for the localization of the Dam1 complex to kinetochores 
(Cheeseman et al., 2001, Janke et al., 2002, Li et al., 2002). Moreover, this protein 
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complex exhibits direct binding to microtubules and is required for the establishment of 
end-on attachments. Oligomers of this heterodecamer complex assemble to form a motile 
ring, which encompasses the microtubule lattice (Asbury et al., 2006, Grishchuk et al., 
2008, Miranda et al., 2005, Westermann et al., 2005, Westermann et al., 2006). This 
motile ring has been proposed as means to couple the kinetochores to the depolymerizing 
microtubules (Miranda et al., 2005, Westermann et al., 2005).  
 
1.6. Spindle assembly checkpoint  
The spindle checkpoint operates as a surveillance system during mitosis to ensure the 
establishment of proper kinetochore-microtubule attachments. Activation of this 
checkpoint prevents mitotic and cell cycle progression until all kinetochores are attached 
to the spindle. Conserved from yeast to vertebrates, localization of spindle checkpoint 
proteins budding inhibited by benomyl (Bub) -1, -R1, -3 and mitotic arrest deficient 
(Mad) -1, -2 to unattached kinetochores is mediated by the KMN network (Guimaraes et 
al., 2008, Kiyomitsu et al., 2007, Martin-Lluesma et al., 2002, Miller et al., 2008). 
Moreover, the serine/threonine kinases monopolar spindle protein 1 (Msp1) (London et 
al., 2012, Shepperd et al., 2012, Yamagishi et al., 2012), Aurora B (Cheeseman et al., 
2006, Ciferri et al., 2008, Deluca et al., 2006, Welburn et al., 2010) and NIMA-related 
kinase 2 (Nek2) (Wei et al., 2011) phospho-regulate components of the KMN network.  
 Unattached kinetochores and the absence of kinetochore tension signal activation 
of the spindle checkpoint (Pinsky et al., 2005). Recruitment of the SAC components 
Bub1-Bub3 to unattached kinetochores occurs following phosphorylation of KNL-1 by 
Msp1 (London et al., 2012, Shepperd et al., 2012, Yamagishi et al., 2012). Moreover, 
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proper localization of the kinase Bub1 is essential for targeting of BubR1 to unattached 
kinetochores (Rischitor et al., 2007, Vanoosthuyse et al., 2004). Assembly of Mad1 and 
Mad2 to kinetochores requires the CH domain of Ndc80 (Guimaraes et al., 2008, Martin-
Lluesma et al., 2002, Miller et al., 2008). The onset of anaphase and mitotic exit is halted 
by the formation of the heterotetrameric mitotic checkpoint (MCC) comprised of BubR1-
Bub3, cell division cyclin 20 (Cdc20) and Mad2 on unattached kinetochores. The MCC 
sequesters Cdc20, thus preventing activation of the anaphase-promoting complex, 
cyclosome (APC/C) and mitotic progression (Sudakin et al., 2001). Erroneous 
kinetochore-microtubule attachments are suppressed by phospho-regulation of KMN 
network components by the Aurora B kinase (Lampson et al., 2004, Pinsky et al., 2006). 
Phosphorylation of the Ndc80 N-terminal tail destabilizes its interaction with tubulin 
monomers to facilitate microtubule-kinetochore error correction (DeLuca et al., 2011). 
Following the formation of proper kinetochore attachments and detection of tension, the 
protein phosphatase 1 (PP1) signals the inactivation of Aurora B kinase (Liu et al., 2011), 
thus silencing the checkpoint.  
 
1.7. Open questions and synopsis of dissertation  
The observation that the spindle pole is at all times embedded in the NE in Toxoplasma 
(Gubbels et al., 2006) prompted further investigation into the mechanism of chromosome 
segregation during mitosis. Moreover, it was recently demonstrated that the centromeres 
remain persistently associated with the spindle pole throughout the cell cycle (Brooks et 
al., 2011). Collectively, these data suggest that kinetochore-mediated attachment to 
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microtubules may be dispensable in tachyzoites, for which there is established precedent 
(Figueiredo et al., 2002, King et al., 2008, Solovei et al., 2004). 
In model organisms the role of the kinetochore protein complexes in chromosome 
segregation during mitosis has been well studied. In contrast, mitosis, specifically 
chromosome segregation in Toxoplasma, remains poorly appreciated. Characterization of 
the few identified kinetochore and centromere proteins (Brooks et al., 2011, Farrell et al., 
2014, Gissot et al., 2012) and the limited examination of microtubule dynamics in the 
spindle have provided critical insights into these processes, however the discovery of 
additional kinetochore components and a better definition of microtubule dynamics are 
required to further our understanding of chromosome segregation in Toxoplasma.  
In this dissertation I addressed the role of spindle microtubules and their 
association with the kinetochores during interphase and mitosis in Toxoplasma gondii. 
This work comprises the characterization of kinetochore proteins TgNuf2 and TgNdc80 
and the examination of tubulin dynamics during parasite development.   
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Figure 1.1. Endodyogeny: division by internal budding  
 
(A) Mature parasite during G1. (B) Daughter cytoskeleton assembly initiates at the 
duplicated centrosomes prior to the onset of mitosis. (C) The duplicated spindle poles 
migrate as the daughter cytoskeletons continue to assemble and organelle-partitioning 
initiates. (D) The nucleus enters the assembling daughter buds before completion of 
karyokinesis. Red: centrosome; yellow: microtubules (subpellicular, spindle pole); green: 
MORN1; blue: nucleus; dark blue: chromosomes; dark gray: IMC; pink: kinetochores. 
The centrocone is marked by the nuclear MORN1 signal throughout the cell cycle.  
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Figure 1.1. Endodyogeny: division by internal budding  
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Figure 1.2. Various forms of mitosis exhibited by eukaryotes  
 
(A) A representation of closed mitosis in the budding yeast S. cerevisiae. During closed 
mitosis, the NE remains intact and the SPB (not shown) nucleates the cytoplasmic and 
nuclear microtubules. (B) Syncytial D. melanogaster embryos undergo partially open 
mitosis. Nuclei occupy the same cytoplasm, therefore during mitosis invaginations (small 
arrow) in the plasma membrane are required to separate the spindles. Microtubules gain 
access through the openings at the poles. (C) Complete disassembly of the NE occurs in 
vertebrates. Figure 1.2 reprinted by permission from Macmillan Publishers Ltd: Nature 
Reviews Molecular Cell Biology (Zheng, 2010). 
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Figure 1.2. Various forms of mitosis exhibited by eukaryotes 
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Figure 1.3. Composition of the kinetochore  
 
Model of kinetochore assembly at the centromere. Progression of the cell cycle into 
mitosis is prompted by the phosphorylation of cyclin-dependent kinase 1 (CDK1) bound 
to cyclin B. Assembly of the kinetochore at the centromere is mediated by CCAN 
components. The KMN network is essential for the establishment of kinetochore-
microtubule attachments. Present only in yeast, the Dam1 complex is required for binding 
microtubules. Microtubule binding is also exhibited by proteins containing TOG domains   
(Al-Bassam et al., 2007, Slep et al., 2007) and CAP-Gly domains (Honnappa et al., 2006, 
Slep et al., 2007). Components of the SAC prevent mitotic progression until all 
kinetochores are attached. Figure 1.3 reprinted from Developmental Cell, Vol. 15/Issue 5, 
Julie P.I. Welburn, Iain M. Cheeseman, Pages 645-655, 2008, with permission from 
Elsevier.  
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Figure 1.3. Composition of the kinetochore  
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CHAPTER 2: THE TOXOPLASMA GONDII KINETOCHORE IS REQUIRED 
FOR CENTROSOME ASSOCIATION WITH THE CENTROCONE (SPINDLE 
POLE)  
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2.1. Introduction  
Toxoplasma gondii employs a unique mode of cell division, known as endodyogeny, 
resulting in the formation of two daughter cells within the mature parasite (Sheffield et 
al., 1968, Striepen et al., 2007). This exclusive process is marked by the interconnection 
of mitosis and cytokinesis, as daughter bud formation initiates during S phase following 
the onset of DNA replication (Hu et al., 2002, Sheffield et al., 1968, Striepen et al., 
2000). Toxoplasma exhibits closed mitosis, as segregation of duplicated chromosomes 
occurs within the confines of the nuclear envelope (Senaud, 1967). The centrocone is 
retained throughout the cell cycle suggesting that the chromosomes are persistently 
anchored to the spindle pole (Gubbels et al., 2006). This model was recently confirmed in 
a study using the histone H3 variant CENP-A where it was shown that throughout the G1 
phase of the cell cycle CENP-A is visible as single nuclear spot, associated with the 
spindle pole, whereas two spots became visible upon mitosis (Brooks et al., 2011). The 
single or double nuclear spots indicate that the 14 centromeres remain clustered 
throughout the cell cycle and are at any point during the cell cycle, including G1, 
associated with the spindle pole. The reason for this persistent clustering is not entirely 
clear, but it would avoid the need to capture the chromosomes before mitosis as seen in 
mammalian mitosis, whereas it could also be a mechanism to ascertain the maintenance 
of a full set of chromosomes throughout development. 
 Since the Toxoplasma spindle pole is embedded in the nuclear envelope, the 
persistent association of the centromeres with the spindle pole could suggest that 
kinetochore-mediated attachment to microtubules may be dispensable in tachyzoites. It is 
not unusual for chromosomal regions to associate with the nuclear envelope (e.g., 
! #) 
heterochromatin in S. pombe (King et al., 2008) and telomeres in P. falciparum 
(Figueiredo et al., 2002) as well as clustered centromeres and telomeres in humans 
(Solovei et al., 2004)) thus, it can be imagined that the clustered centromeres of 
Toxoplasma associate with the nuclear envelope as well. In this chapter I identified and 
subsequently characterized the Toxoplasma kinetochore proteins Nuf2 and Ndc80 by 
generating fluorescent protein fusions and specific antisera. These reagents demonstrated 
that the kinetochores are retained throughout the cell cycle and remain persistently 
clustered. Pharmacological disruption of microtubules resulted in stray clusters indicating 
microtubules are necessary, but not strictly required for clustering of kinetochores since 
complete loss of clustering was never observed. Moreover, through the generation of a 
conditional knockdown line we were able to show that TgNuf2 is essential for 
chromosome segregation. Surprisingly, TgNuf2 was also necessary for the interaction 
between the cytoplasmic centrosome and the centrocone. However, clustering of the 
centromeres and their association with the centrocone is retained in the absence of 
TgNuf2, which suggests that a distinct mechanism independent of chromosome-
microtubule attachment underlies this phenomenon. 
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2.2. Results 
2.2.1. Identification of kinetochore proteins in Toxoplasma gondii 
We identified kinetochore proteins Ndc80 and Nuf2 in the Toxoplasma genome  
(www.toxodb.org) through reciprocal BLAST searches with yeast and mammalian 
orthologs. TgNuf2 (TGME49_309380) encodes a protein of 608 amino acids (Fig. 2.1A) 
whereas its binding partner TgNdc80 (TGME49_260420) is comprised of 728 amino 
acids (Fig. 2.1B). Formation of the Ndc80-Nuf2 heterodimer is mediated by coiled-coil 
regions (Ciferri et al., 2005, Wei et al., 2005), which we readily identified in the C-
terminal halves of TgNuf2 and TgNdc80 (Fig. 2.1). Moreover, we were able to identify 
CH domains, which mediate contact with microtubules, in both TgNuf2 and TgNdc80 
(Fig. 2.1). Sequence alignments of the CH domains with Nuf2 and Ndc80 orthologs that 
we identified in other apicomplexan genomes and several model organisms revealed 
several conserved features. For example, several hydrophobic residues have been 
identified in the human Nuf2 and Ndc80 sequences that are critical for microtubule 
binding (Ciferri et al., 2008, Wei et al., 2007, Sundin et al., 2011). While most of these 
residues are not positionally conserved, analysis of the CH domain alignments identified 
several lysine residues in these domains, specifically three Lys residues that are 
positionally conserved in the TgNdc80 CH domain (Lys165, Lys207, and Lys217 in Fig. 
2.1B) (Wei et al., 2007, Sundin et al., 2011, Ciferri et al., 2008). Interestingly, the 
apicomplexan CH domain in Nuf2 contains a strongly conserved stretch (IGNLR 
residues 121-125) specific to the Apicomplexa. The function of this conserved sequence 
is currently unknown (Fig. 2.1A; marked by asterisks). 
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2.2.2. TgNuf2 and TgNdc80 colocalize with the centromeres throughout the cell cycle 
We first confirmed by RACE-PCR and DNA sequencing that the predicted coding 
sequences for TgNuf2 and TgNdc80 on ToxoDB were correct (results not shown). 
Subsequently, we set out to establish the sub-cellular localizations of TgNuf2 and 
TgNdc80 throughout the cell cycle using three parallel strategies. First, the coding 
sequences of both kinetochore proteins were cloned as C-terminal autofluorescent protein 
fusion constructs in Toxoplasma expression plasmids driven by the !-tubulin promoter. 
Additionally, we raised specific antisera in guinea pigs against the CH-domain containing 
N-termini of TgNuf2 and TgNdc80 expressed as recombinant proteins. Lastly, we 
generated transgenic strains in which we endogenously tagged the genomic locus of 
TgNuf2 and TgNdc80 at the C-terminus with a triple myc-epitope tag (gNuf2- and 
gNdc80-myc3) and a YFP tag (gNuf2- and gNdc80-YFP) (Huynh et al., 2009). Western 
blot analysis using a myc antibody revealed bands consistent with the predicted sizes for 
triple myc-tagged TgNuf2 (73 kDa) and TgNdc80 (86 kDa) (Fig. 2.2). Our reagents all 
resulted in consistent results and revealed that both proteins colocalize and are present as 
one or two spots in the nucleus (Fig. 2.3A). 
 To validate the putative localization of TgNuf2 and TgNdc80 to the kinetochore 
we used two independent markers of the centromeres. First we employed parasites stably 
expressing CENP-A with a triple hemagglutinin tag fused to the C-terminus (Brooks et 
al., 2011). These parasites were transfected with a TgNdc80-YFP encoding plasmid (Fig. 
2.3B). This demonstrated that TgNdc80-YFP and CENP-A-HA3 colocalize as single or 
double nuclear spots (Fig. 2.3B). The second marker we employed was a recently 
identified chromodomain-containing protein, TgChromo1, which binds with high affinity 
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to H3K9me3, a chromatin marker highlighting the centromere (Gissot et al., 2012). As 
expected, a specific antiserum against TgChromo1 colocalized with gNuf2-YFP (Fig. 
2.3C). Taken together, these results firmly validated the localization assignment of both 
TgNuf2 and TgNdc80 to the Toxoplasma kinetochores assembled on the centromere 
clusters.  
 The presence of either one or two spots likely corresponds with differences in the 
cell cycle, as previously shown for CENP-A (Brooks et al., 2011) and indicates that, like 
the centromeres, the kinetochores are equally clustered at all points in tachyzoite 
development. To test this directly we costained parasites with several cell cycle markers. 
First, we used a centrin antibody to mark the centrosome, which duplicates right before 
the onset of S phase (Hartmann et al., 2006). As shown in the upper panels of Figure 
2.3D, TgNuf2 localizes in close proximity to the centrosome during interphase. In the 
lower panels of Figure 2.3D the centrosomes have duplicated, marking the transition 
from G1 to S phase. At this point the TgNuf2 signal is visible as a single, yet sometimes 
slightly elongated structure flanked by the centrosomes, which likely represents the 
metaphase stage of mitosis. In addition to the centrosome marker, we used the centrocone 
marker MORN1. MORN1 is additionally present at the basal complex as well as the 
apical complex, although this latter localization is relatively weak and usually invisible. 
In addition, MORN1 localizes at an early stage to the new daughter buds and therefore 
serves as an additional marker for cytokinesis (Gubbels et al., 2006, Anderson-White et 
al., 2012). Significant, yet imperfect colocalization of TgNuf2 and MORN1 in the spindle 
pole during the metaphase to anaphase transition in mitosis (Fig. 2.3E, upper panel) and 
following the completion of mitosis at mid-budding (Fig. 2.3E, lower panel) 
! $# 
demonstrates the association of the kinetochores with the spindle pole. Collectively, these 
results demonstrate that throughout the Toxoplasma cell cycle the clustered kinetochores 
remain at any point associated with the centromere on one side and the spindle pole on 
the other side.  
 Finally, the cell cycle coordinated expression of TgNuf2 was examined using the 
TgNuf2 antibody in conjunction with the aforementioned centrin antibody (Fig. 2.3F). 
The signal of the kinetochore, which is closely matched to that of the centrosome, 
reduces in intensity during the G1 phase of the cell cycle. Since we collected z-stacks and 
deconvoluted these images, it is possible we did not acquire a full z-series of images for 
all parasites in the figure. Therefore, we assured ourselves that we collected a full z-series 
for all parasites within panel F, which is provided in Figure 2.4. This data shows a full 
series was obtained and therefore the reduced signal intensity of the centrosome and 
kinetochores in G1 parasites is valid. A potentially alternative artifact is that the epitopes 
recognized by the centrin and TgNuf2 antisera are masked in a cell cycle dependent 
fashion. Although we cannot directly test this, we deem this scenario unlikely as both 
these antisera are polyclonal and masking is unlikely to span extensive stretches of 
sequence.  
 
2.2.3. Microtubules contribute, but are not strictly required for kinetochore clustering 
The above results indicate a direct relationship between centromere clustering and 
spindle pole anchoring, however the experiments do not directly test that kinetochores are 
actually associated with microtubules at all points in the cell cycle. We reasoned this 
model could be tested by either depolymerizing the spindle microtubules or by depleting 
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the kinetochore proteins responsible for mediating microtubule attachment. For the first 
approach we used oryzalin, a microtubule depolymerizing herbicide, which disrupts the 
subpellicular Toxoplasma microtubules at a concentration of 0.5 µM and the spindle 
microtubules at a concentration of 2.5 µM (Ma et al., 2010, Morrissette et al., 2002b, 
Stokkermans et al., 1996). Hence, to determine the status of kinetochore clustering in the 
absence of microtubules we treated intracellularly developing parasites with 2.5 µM 
oryzalin (Morrissette et al., 2002b) (Fig. 2.5A). If spindle microtubules were required for 
spindle pole anchoring we would expect dissociation from the spindle pole and we would 
likely loose the clustering of the 14 chromosomes. By staining treated parasites with the 
TgNuf2 antiserum we observe multiple kinetochore clusters, of varying intensity (Fig. 
2.5B). We do not see a gross disruption of kinetochore clustering, but the weaker spots 
potentially represent kinetochores released from the spindle pole of a kinetochore cluster, 
indicating that the interaction of these connections is dependent on the presence of 
microtubules. To assess whether the weaker TgNuf2 spots were indeed stray kinetochores 
we determined whether these spots colocalize with the centromeres using a CENP-A 
monoclonal antibody (Francia et al., 2012). As shown in Figure 2.5B, we observe weak 
TgNuf2 spots colocalizing with the centromere marker, indicating these are likely 
dissociated chromosomes. Careful observation of the two signals, however shows that the 
TgNuf2 signal connects several of the weaker centromere spots, suggesting that multiple 
chromosomes are dissociated, which are still connected with each other through their 
kinetochores (Fig. 2.5B). We also observed poor colocalization, or at least vast variations 
in intensity between TgNuf2 and CENP-A signals (Fig 2.5B). Quantification of 
dissociated centromeres and kinetochores revealed these were not rare events, with 
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frequencies for both events present in around 20% of the parasites (Fig. 2.5C). In 
addition, the dispersed DAPI signal in these parasites illustrates extensive nuclear 
fragmentation in these nuclei. This data would suggest that we have centromeres without 
kinetochores, as well as kinetochores without centromeres. Therefore, disruption of 
microtubules by oryzalin appears to disrupt the connection between centromeres and 
kinetochores. 
 To directly monitor the association of kinetochores with the centrocones we 
stained parasites stably expressing myc2-MORN1 with the TgNuf2 antiserum following 
treatment with oryzalin (Fig. 2.5D). Strikingly, we observe that every TgNuf2 signal is 
associated with a centrocone signal following treatment with 2.5 !M oryzalin. To 
confirm the accuracy of this observation we also performed a costain of MORN1 and 
CENP-A (Fig. 2.5E). Additionally, costaining with TgNuf2 and centrin revealed mitosis 
does not occur in oryzalin treated parasites and duplicated centrosomes fail to separate 
(Fig. 2.5F). It is of note we observed kinetochore clusters not associated with 
centrosomes at this point, indicating centrosome-centrocone association is microtubule 
dependent. Finally, staining oryzalin treated myc2-MORN1 expressing parasites with 
centrin antibody revealed multiple centrosomes in close association with a single 
centrocone (Fig. 2.5G), suggesting centrosome separation is microtubule dependent.  
 
2.2.4. Generation of a conditional TgNuf2 knockdown parasite strain 
Although the pharmacological disruption of microtubules results in dramatic changes in 
centromere and kinetochore organization concerns have been raised in other systems, 
notably budding and fission yeast, that pharmacological disruption of spindle 
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microtubules is always incomplete (Castagnetti et al., 2010, Richmond et al., 2013, 
Sawin et al., 2004). Hence, to bypass this potential artifact and to provide an independent 
approach to test if microtubule-attachment of chromosomes via the kinetochore is 
dispensable throughout the cell cycle of Toxoplasma, we employed reverse genetics. We 
generated a conditional TgNuf2 knockdown (TgNuf2-cKD) parasite strain by directly 
replacing the endogenous promoter with the tetracycline regulatable (TetO7sag4) 
promoter through double homologous recombination (Fig. 2.6A) (Meissner et al., 2002, 
Sheiner et al., 2011). Following transfection of the promoter swap plasmid, parasites 
showing pyrimethamine resistance were screened by PCR to confirm correct integration 
of the TetO7sag4 promoter and absence of the TgNuf2 promoter. We selected a single 
clone exhibiting successful promoter replacement (Fig. 2.6B) and determined its viability 
by plaque assays (Fig. 2.6C). No plaque formation was observed, even after prolonged 
culture of the conditional knockdown parasites in the presence of anhydrous tetracycline 
(ATc) for up to 20 days to detect potentially slow growing mutants (Fig. 2.6C). These 
results show that TgNuf2 is essential for completion of the tachyzoite cell division cycle. 
Next, we determined the kinetics of protein depletion upon the addition of ATc using 
immunofluorescence assays (Fig. 2.6D). Conditional knockdown parasites grown in the 
presence or absence of ATc for three, six or nine hours were stained with anti-TgNuf2 
antiserum. Expression of TgNuf2 persisted for six hours following addition of ATc but 
was no longer detectable nine hours post-incubation (Fig. 2.6D). Since Nuf2 forms a 
heterodimer with Ndc80, we also determined whether TgNuf2 is required for the 
retention of its binding partner at the kinetochore. TgNdc80 shows similar kinetics as 
TgNuf2, as expression is no longer detectable following exposure to ATc for nine hours 
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(Fig. 2.6E). Taken together, our data suggest that one division cycle (6-7 hrs) is needed to 
deplete TgNuf2 upon knockdown of the conditional allele, and that TgNuf2 knockdown 
results in simultaneous disappearance of its binding partner TgNdc80 from the 
kinetochore. 
 
2.2.5. TgNuf2 is required for proper mitotic segregation of chromosomes  
Based on the function of the Ndc80 complex in yeast and humans, we hypothesized that 
parasites deficient in TgNuf2 would likely exhibit missegregation of chromosomes. 
Indeed we already observed nuclear missegregation defects in Figures 2.6D and E. To 
specifically monitor the nuclear material we stably transfected the conditional TgNuf2 
knockdown parasite strain with a histone 2B (H2B) YFP fusion protein encoding plasmid 
(Hu et al., 2004) and cultured the parasites in the presence of ATc for 12 hours. Besides 
those shown in Figures 2.6D and E, this revealed an array of mutant phenotypes (Fig. 
2.7). Some parasites demonstrated partial accumulation of two nuclei in a single parasite 
and complete and partial loss of nuclei (Figs. 2.6D, E and 2.7). The most striking 
phenotype is the complete accumulation of a single irregularly shaped nucleus, indicating 
chromosome missegregation or incomplete karyokinesis (Fig. 2.8A). We quantified the 
percentage of parasite vacuoles exhibiting the mutant phenotype of nuclear loss following 
addition of ATc. As shown in Figure 2.8B, the phenotype is detected nine hours post-
induction with ATc and after 18 hours 80% of the vacuoles contain a parasite from which 
the nucleus is missing. Together with the observation that it takes nine hours to deplete 
the protein, this observation indicates that the nuclear missegregation and fragmentation 
phenotypes are the result of mitosis gone awry during the cell division process. 
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In parasites without a nucleus we always observed a small amount of DAPI 
stained DNA (marked by an arrowhead in Fig. 2.8A). Since this DNA is devoid of H2B 
staining we reasoned it to be the apicoplast, whose genome in wild-type parasites is 
usually visible as a small spot of DAPI stained nuclear material apical of the nucleus. 
Moreover, it has been shown that association with the centrosome mediates plastid 
partitioning (Striepen et al., 2000) and therefore would be independent from the 
kinetochore. As shown in Figure 2.8C, a marker for the plastid confirms this prediction 
(in Figure 2.8E we observe that the centrosome and plastid DNA are co-segregating as 
well).  
We next wanted to establish the localization of the centromere in the conditional 
TgNuf2 knockdown, as this is the site on the chromosome for assembly of the 
kinetochore. Specifically, we wanted to determine if we still observe centromere clusters 
and whether these clusters localize to fragmented nuclei. TgNuf2 depleted parasites 
stained with the CENP-A centromere marker display retention of clustered centromeres 
within the nuclei (Fig. 2.8D), indicating that depletion of TgNuf2 does not affect the 
clustering of the centromeres.  
 To establish whether the interaction between the cytoplasmic centrosome and 
spindle pole embedded in the nuclear envelope is maintained in the absence of TgNuf2 
we expressed a myc2-MORN1 encoding construct in TgNuf2 depleted parasites to 
highlight the centrocone and simultaneously costained these parasites with anti-centrin to 
mark the centrosome. In wild-type parasites the spindle pole is always adjacent to the 
centrosome, however depletion of TgNuf2 abolishes this interaction, as visible by the 
extended distance between these structures (Fig. 2.8E, F). As predicted by the intact 
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apicoplast division, parasites exhibiting chromosome missegregation continue to 
duplicate and accurately segregate their centrosomes. The lower panel in Figure 2.8E 
shows four parasites, each with a centrosome and associated plastid DNA, however only 
two parasites have a nucleus with a single centrocone. In addition, clustered centromeres 
remain persistently associated with the centrocone in the absence of TgNuf2 (Fig. 2.8G). 
It has been shown that MORN1 localizes to both the cytoplasmic and the nuclear side of 
the nuclear membrane in the centrocone (Gubbels et al., 2006). Therefore, it is possible 
that MORN1 mediates the anchoring of the kinetochore to the centrocone. To test this 
model we studied kinetochore and centrosome localization in parasites wherein MORN1 
was depleted (Lorestani et al., 2010). As shown in Figure 2.9B, depletion of MORN1 
does neither affect the clustering of kinetochores, nor the localization of the centrosomes, 
nor the progression of mitosis (Fig. 2.9B). Hence, MORN1 is not the protein anchoring 
the kinetochore to the centrocone. 
 
2.2.6. Identification of a putative apicomplexan specific Nuf2 nuclear localization 
signal 
Depletion of the kinetochore component TgNuf2 allows for complementation studies to 
identify residues or domains critical for Nuf2 function in Toxoplasma. Comparable 
studies on human Nuf2 identified the CH domain to be critical for progress of mitosis 
(Sundin et al., 2011). It was shown that stable kinetochore-microtubule interactions were 
established, but there was a block in progression toward anaphase. Three lysine residues 
in the CH domain (Lys33, Lys41, and Lys115) were shown to be critical for this phenotype. 
However, structural studies showed that these are not directly involved in microtubule 
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binding, since the Nuf2 domain does not directly interact with microtubules (Alushin et 
al., 2010). The current model is that the CH domain is involved in either stabilizing 
and/or positioning the Ndc80 complex on the microtubules (Sundin et al., 2011). 
Sequence alignments revealed the critical lysine residues identified in humans are not 
positionally conserved in TgNuf2, but there are lysine residues which likely function 
similarly (Fig. 2.1A). Our first experiment toward validating this model for Toxoplasma 
was the generation of a TgNuf2 CH-domain deletion mutant fused to a triple myc tag 
(ΔCH domain-myc3). We first validated whether expression levels and protein integrity 
of the mutant constructs was comparable to a wild-type complementation construct (Fig. 
2.10B). As shown in Figure 2.10C, the ΔCH domain-myc3 construct was unable to 
complement the TgNuf2 mutant, whereas a control wild-type allele successfully restored 
function. Subsequently, we analyzed the subcellular localization of the ΔCH domain-
myc3 protein and determined that it was cytoplasmic (Fig. 2.10D). This is in stark 
contrast to results reported for the comparable human Nuf2 deletion construct, which 
correctly localized to the kinetochore (Sundin et al., 2011). This can be attributed to the 
disassembly of the nuclear envelope during mitosis in humans, which is not the case for 
Toxoplasma. Our observations therefore suggest that the TgNuf2 domain contains a 
nuclear localization signal (NLS). Hence, we subjected the TgNuf2 sequence to several 
NLS finder searches, which all returned negative results. We reasoned that if there is an 
NLS in the CH domain, it might be conserved across the Apicomplexa. As previously 
mentioned, the IGNLR region (aa 121-125) is conserved across the phylum, therefore to 
address the function of this region we generated a ΔIGNLR mutant and a construct 
wherein these residues are replaced by alanine residues (IGNLR:AAAAA). Growth 
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restorations through genetic complementation with either construct were unsuccessful 
(Fig. 2.10D) and both exhibited cytoplasmic localization (results not shown). As such, 
these results suggest that this conserved stretch of sequence acts as an NLS, or at least is 
part of an NLS.  
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2.3. Discussion  
All living organisms need to accurately endow their offspring with nuclear material 
(Drechsler et al., 2012, Errington et al., 2005, Yanagida, 2005). The common 
denominator in eukaryotes is the assembly of a microtubule spindle to which the 
chromosomes attach, whereas there is variation regarding the organization of the spindle 
microtubules and modes of spindle pole separation (Akiyoshi et al., 2013, Drechsler et 
al., 2012). The kinetochore protein complex mediates attachment of chromosomes to 
microtubules, which is a structure conserved across the vast majority of eukaryotes, 
including the Apicomplexa (Akiyoshi et al., 2013). Since the primary structure of 
kinetochore proteins is quite variable between species, identification of kinetochore 
components in annotated genomes is challenging. However, we identified convincing 
candidates for Ndc80 and Nuf2 within the Toxoplasma genome, containing several 
conserved features (Fig. 2.1). Attempts to identify other kinetochore components, such as 
Spc24 and Spc25, by genome mining were unsuccessful (data not shown). 
 Subcellular localization studies of TgNuf2 and TgNdc80 revealed that both 
colocalize with clustered centromeres in close association with the centrocone (Fig. 2.3B, 
C). Moreover, kinetochore clustering is retained throughout the cell cycle (Fig. 2.3D, E), 
consistent with the recently shown persistent clustering of centromeres and centrocone 
association (Brooks et al., 2011). Clustering of centromeric chromosomal regions has 
been demonstrated in yeast (Funabiki et al., 1993, Janke et al., 2001, Richmond et al., 
2013) and human cells (Solovei et al., 2004), although the biological significance 
remains poorly understood. In budding yeast, clustering has been proposed as a 
mechanism by which kinetochores are efficiently captured by spindle microtubules. In 
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contrast to most other eukaryotes, only a single microtubule binds each kinetochore in 
budding yeast (Winey et al., 1995, Westermann et al., 2007). Capture of a single 
detached kinetochore by a single microtubule would result in the transport of all detached 
kinetochores toward the spindle pole, significantly increasing the chances of kinetochore-
microtubule attachment (Richmond et al., 2013). Observations by Swedlow et al., 
indicate there are a limited number of microtubules in the Toxoplasma nucleus, as only a 
maximum of 11 microtubules were detected for 14 chromosomes (Swedlow et al., 2002). 
We propose persistent clustering and anchoring of chromosomes to spindle microtubules 
via the kinetochore functions as means to ensure genome integrity during cell division. 
This model is particularly applicable for the coccidian parasite Sarcocystis neurona, 
which divides by endopolygeny. This model is marked by DNA replication in the 
absence of nuclear division, resulting in the formation of a polyploid nucleus 
intermediate and ultimately the production of 64 haploid daughter cells (Brooks et al., 
2011, Striepen et al., 2007, Vaishnava et al., 2005). Retention of intranuclear spindle 
poles throughout the cell cycle suggests persistent attachment of chromosomes via 
kinetochores to spindle microtubules likely ensures genome integrity during increasing 
ploidy throughout Sarcocystis cell division and ensures each daughter emerges with a 
complete set of chromosomes. The more distantly related P. falciparum divides by 
schizogony, generating schizont intermediates wherein up to thousands of nuclei share a 
single cytoplasm, none of which appear to contain more than 2N (Arnot et al., 2011, 
Gerald et al., 2011). Therefore, in schizogony it is not necessary to organize the nucleus 
as strictly as in Sarcocystis. Consistent with this model, it has recently been demonstrated 
that clustering of centromeres in P. falciparum only occurs prior to the onset of mitosis 
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(Hoeijmakers et al., 2012). Overall, these data suggest that persistent kinetochore 
clustering within the Apicomplexa is an innovation in the Sarcocystidae (encompassing 
Toxoplasma and Sarcocystis).  
 Interestingly, treatment with the microtubule depolymerizing agent oryzalin fails 
to completely disrupt clustering; indicating clustering of kinetochores in Toxoplasma is 
not strictly dependent on spindle microtubules (Fig. 2.5; see Fig. 2.11 for schematics of 
scenarios). Although stray kinetochores were seen in the absence of stable kinetochore-
microtubule attachments, 14 nuclear spots corresponding to kinetochores of individual 
chromosomes were never detected (Fig. 2.5). Strikingly, we observed a high incidence of 
stray kinetochores without centromeres as well as centromeres without kinetochores 
following oryzalin treatment; suggesting loss of microtubules disrupts the assembly of 
kinetochores on centromeres (Fig. 2.5B, C). It is possible this unprecedented observation 
may be a secondary effect of the oryzalin treatment.  
 Upon knockdown of TgNuf2 we observed nuclear fragmentation (Figs. 2.7 and 
2.8A) however, we never observed complete loss of clustering (i.e. 14 or 28 independent 
centromeres) (Fig 2.8D). While depletion TgNuf2 fails to disrupt kinetochore clustering, 
segregation of chromosomes is drastically affected. Missegregation of chromosomes 
resulted in the partial and complete loss of the nucleus as well as the accumulation of two 
nuclei in a single parasite (Figs. 2.7 and 2.8A). As shown in Figure 2.6D, TgNuf2 mutant 
parasites progress through one cell cycle before TgNuf2 and TgNdc80 are no longer 
detectable as a phenotype begins to manifest. The inability to detect TgNdc80 
concurrently with TgNuf2 suggests they form a stable dimer and the association is 
required for the formation of a functional kinetochore. The stability of the Ndc80 
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complex has been experimentally validated in humans (Hori et al., 2003) using 
fluorescence recovery after photobleaching (FRAP). This analysis revealed that Nuf2 and 
Hec1 are stable components of the kinetochore, with recovery times of >30 minutes. 
Hence, to detect a phenotype in ,-./010-.23!45678#!9.-,9/-:.!parasites, completion 
of a cell cycle is required to exchange sufficient Nuf2 from the Toxoplasma kinetochores. 
In many cases, however, mitosis appears to progress quite normally as two nuclei of 
comparable size are observed (e.g. Fig. 2.6D, E).  
Additionally, we observed that knockdown of TgNuf2 results in fragmentation 
and total loss of nuclei (Fig. 2.7). These residual nuclear masses resulting from 
chromosome missegregation are strikingly similar to the phenotype observed in the 
nuclear actin-related protein 4a (ARP4a) temperature sensitive (ts) mutant, which 
abolishes nuclear localization (Suvorova et al., 2012). The exact role of ARP4a in 
Toxoplasma chromosome segregation has not been resolved. By functional orthology 
with yeast ARP4 a role in kinetochore assembly is anticipated (Ogiwara et al., 2007), 
which fits with the observed similarity of the phenotype with the loss of TgNuf2.  
 The functional dissection of TgNuf2 by complementation studies using deletion 
mutants led to the surprising observation that the CH domain is required for nuclear 
localization (Fig. 2.10). The short IGNLR region (aa 121-125) conserved across the 
Apicomplexa proved to be required for nuclear localization. However, this region is not a 
typical NLS, but since there is a charged Arg residue typically found in the NLS region 
and there are several two conserved positively charged Arg/Lys residues nearby, it is 
possible the extended region acts as an NLS, and deletion of a single Arg residue 
abolishes its function. While our results strongly suggest this sequence acts as a NLS, 
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currently we cannot exclude the possibility that mislocalization is result of misfolding of 
the mutant proteins. Alternatively, this motif may mediate binding with a protein that 
facilitates entry of TgNuf2 into the nucleus through its own NLS. Our observations hint 
at a potential mechanism toward how mitotic components gain access to the nucleus. 
Nuclear import pathways have not been extensively studied in Toxoplasma, though it is 
known they are RAN-based as in higher eukaryotes (Frankel et al., 2009). Previous work 
identified a single importin5α, which has been shown to recognize the NLS in GCN5A 
(Bhatti et al., 2005) and ARP4a (Suvorova et al., 2012).  
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Figure 2.1. Identification and multiple sequence analysis of kinetochore proteins 
TgNuf2 and TgNdc80  
 
Identification and multiple sequence analysis of kinetochore proteins TgNuf2 and 
TgNdc80. Upper panels demonstrate the functional domains of Nuf2 (A) and Ndc80 (B). 
Multiple sequence alignments of Nuf2 (A) and Ndc80 (B) domains are shown in the 
lower panel. The blue colored residues represent the BLOSUM62 score. The black bars 
below the sequence alignments represent the conservation of the consensus sequence. 
The boxed (black) residues indicated hydrophobic residues indentified in human Nuf2 
and Ndc80 critical for microtubule binding. Lys165, Lys207, Lys217, conserved residues 
interacting with microtubules are boxed (red) in the Ndc80 alignment.  The red asterisks 
mark a conserved stretch of amino acids among the Apicomplexa in the Nuf2 alignment. 
Accession numbers: TgNuf2: XP_002364205; NcNuf2: XP_003884974; PfNuf2: 
XP_001351235; PbNuf2: XP_678745; TaNuf2: XP_952643; BbNuf2: XP_001612202; 
CpNuf2: XP_626932; AtNuf2: NP_176296; ScNuf2: NP_014572; SpNuf2: NP_594532; 
HsNuf2: NP_113611. TgNdc80: XP_002365215; PfNdc80: XP_966148; PbNdc80: 
XP_677826; TaNdc80: XP_954515; BbNdc80: XP_001610462; CpNdc80: XP_627748; 
AtNdc80: NP_191024; ScNdc80: NP_012122; SpNdc80: NP_596392; HsNdc80: 
NP_006092. Note: A BLAST search revealed two CH domains in the N. caninum 
genome, and therefore was not included in the Ndc80 alignment. We were unable to 
identify an ortholog of the Ndc80 CH domain in the E. tenella genome. 
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Figure 2.1. Identification and multiple sequence analysis of kinetochore proteins 
TgNuf2 and TgNdc80 
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Figure 2.2. Confirmation of endogenous tagging of TgNuf2 and TgNdc80 through 
Western blot  
 
Western blot analysis using a myc antibody confirms endogenous tagging of TgNuf2 and 
TgNdc80. The expected band sizex are indicated below the blot.  
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Figure 2.2. Confirmation of endogenous tagging of TgNuf2 and TgNdc80 through 
Western blot 
 
! &+ 
Figure 2.3. Clustered kinetochores persist throughout the cell cycle 
 
(A) Parasites stably expressing 3xMyc tag at the endogenous TgNuf2 locus were 
methanol-fixed and co-stained with !-myc (green) and !-Ndc80 (red). DAPI highlights 
the DNA. The upper panel displays interphase, as demonstrated by the single kinetochore 
cluster in each nucleus. The presence of two kinetochore clusters per nucleus in the lower 
panel represents post-mitotic nuclei, which have not yet undergone karyokinesis. (B) 
Parasites stably coexpressing TgNdc80 with a C-terminal YFP tag under its endogenous 
promoter and CENP-A with a C-terminal triple hemagglutinin (HA) tag were fixed with 
4% paraformaldehyde and stained with !-HA (red). DAPI highlights the DNA. (C-D) 
Parasites stably expressing YFP at the endogenous TgNuf2 locus (gNuf2-YFP parasites) 
were methanol-fixed and costained with (C) !-TgChromo1 (red) and DAPI or (D) !-
centrin (red) and DAPI. (E) gNuf2-YFP parasites were examined with MORN1 to 
demonstrate association of the kinetochores with the spindle throughout the cell cycle. In 
the top panel gNuf2-YFP parasites were transfected with a CherryRFP-MORN1 construct 
under the control of the MORN1 promoter and examined live. In the lower panel gNuf2-
YFP parasites were stained with !-MORN1 (red) and DAPI. (F) Expression of TgNuf2 is 
cell cycle dependent. RH parasites were costained with !-centrin (green) and !-Nuf2 
(red). DAPI highlights the DNA. Three representative stages are featured: one 
centrosome, with one kinetochore cluster (1C, 1K), two centrosomes with one 
kinetochore cluster (2C, 1K) and two centrosomes with two kinetochore clusters (2C, 
2K). A pair of parasites represents each stage. Acquired z-sections are provided in Figure 
2.4. 
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Figure 2.3. Clustered kinetochores persist throughout the cell cycle 
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Figure 2.4. Non-deconvolved optical z-sections of Figure 2.3F 
 
Non-deconvolved z-series acquired for all parasites shown in Figure 2.2F. RH parasites 
were methanol-fixed and costained with !-centrin (green) and !-Nuf2 (red). DAPI 
highlights the DNA. The sections represent a 2.5 !m stack.  
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Figure 2.4. Non-deconvolved optical z-sections of Figure 2.3F 
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Figure 2.5. Microtubules contribute to clustering of kinetochores 
 
(A) RH parasites cultured in the presence of 2.5 µM oryzalin were costained with !-Nuf2 
(green) and !-tubulin (red). DAPI highlights the nucleus. Arrowheads mark the spindle 
poles. Note the stray kinetochore clusters following oryzalin treatment marked with 
double-headed arrows. (B) RH parasites treated with 2.5 µM oryzalin were costained 
with !-Nuf2 (green) and !-CENP-A (red). DAPI highlights the DNA. Note the stray 
kinetochore cluster (SK) and centromere cluster (SC) following oryzalin treatment 
marked with an arrowhead. (C) Quantification of stray kinetochore/centromere clusters in 
oryzalin treated parasites. RH parasites were treated with 2.5 !M oryzalin or DMSO 
control and stained with !-Nuf2 and !-CENP-A. The error bars denote standard 
deviation of three independent experiments. (D) Parasites stably expressing myc2-
MORN1 under the control of the MORN1 promoter were cultured in the presence of 2.5 
µM oryzalin and then stained with !-Nuf2 (green) and !-myc (red). DAPI highlights the 
nucleus. (E) Parasites expressing YFP-MORN1 (green) under the control of the MORN1 
promoter were cultured in the presence of 2.5 µM oryzalin and then stained with !-
CENP-A (red). DAPI highlights the DNA. (F) RH parasites treated with 2.5 !M oryzalin 
and then stained with !-centrin (green) and !-Nuf2 (red). DAPI highlights the nucleus. 
Note the stray kinetochore clusters marked with double-headed arrows. (G) Parasites 
stably expressing myc2-MORN1 under the control of the MORN1 promoter were 
cultured in the presence of 2.5 !M oryzalin and then stained with !-centrin (green) and 
!-myc (red). DAPI highlights the nucleus.  
! && 
Figure 2.5. Microtubules contribute to clustering of kinetochores 
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Figure 2.6. Generation of a conditional TgNuf2 knockdown parasite line  
 
(A) Schematic demonstrating promoter replacement by double homologous 
recombination using the Tet-transactivator system. T7s4 represents the TetO7sag4 
promoter. (B) PCR analysis validating promoter replacement using TgNuf2-cKD and 
TATi#ku80 genomic DNA as templates. Specific primer pairs as numbered in panel A 
were used to demonstrate 5’ and 3’ integration and the absence of the promoter in the 
TgNuf2-cKD line (primer pair 1 corresponds with 5’ integration, primer pair 2 with 
TgNuf2 promoter and primer pair 3 with 3’ integration). The Nuf2-cKD shows both 5’ 
and 3’ integration and the absence of its endogenous promoter. The parental strain, 
TATi#Ku80 shows absence of any integration and the presence of the TgNuf2 promoter. 
(C) Plaque assays of TATi#Ku80 and Nuf2-cKD parasite strains in the presence and 
absence of ATc for 7 and 20 days. The absence of plaques under ATc indicates TgNuf2 
is essential in tachyzoites. (D-E) TgNuf2-cKD parasites were incubated in the presence 
or absence of ATc for three, six and nine hours and costained with !-Nuf2 (D) or !-
Ndc80 (E) (green) and !-IMC3 (red). DAPI highlights the nucleus.  
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Figure 2.6. Generation of a conditional TgNuf2 knockdown parasite line 
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Figure 2.7. Loss of TgNuf2 results in chromosome missegregation 
 
HFF cells were inoculated with TgNuf2-cKD parasites expressing H2B-YFP and cultured 
in the presence of ATc for 12 hours. Following incubation parasites were methanol-fixed 
and stained with !-IMC3 (red).  
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Figure 2.7. Loss of TgNuf2 results in chromosome missegregation 
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Figure 2.8. TgNuf2 is required for proper mitotic segregation of chromosomes 
 
(A, C-F) HFF cells were inoculated with TgNuf2-cKD parasites and incubated for six to 
eight hours. Following incubation, parasites were cultured in the presence or absence of 
ATc for 12 hours, subjected to methanol fixation and immunofluorescence analysis. (A) 
TgNuf2-cKD parasites stably expressing H2B-YFP (green) were stained with !-IMC3 
(red). DAPI highlights the nucleus. Note the accumulation of an irregularly shaped 
nucleus in a single parasite. An arrowhead marks the residual DNA in the anuclear 
parasite. (B) The TgNuf2-cKD mutant phenotype was quantified by counting parasite 
vacuoles exhibiting at least one parasite with a nuclear loss following treatment with 
ATc. Data are expressed as a percentage of the total number of vacuoles. Errors bar 
denote standard deviation of three independent experiments. (C) TgNuf2-cKD parasites 
were costained with Streptavidin conjugated to Alexa594 to highlight the plastid (red) 
(Jelenska et al., 2001) and !-IMC3 (green). DAPI highlights the nuclear material. An 
arrowhead marks the colocalization of the plastid and the residual DNA in the anuclear 
parasite. (D) TgNuf2-cKD parasites were stained with !-CENP-A (green) and 
Strepavidin-A594 as a marker for the plastid (red). DAPI highlights the nucleus. (E) 
TgNuf2-cKD parasites were transfected with myc2-MORN1 under the control of 
MORN1 promoter (red) and stained with !-centrin (green). DAPI highlights the nucleus. 
(F) The distance between the centrosome and spindle pole was measured in TgNuf2-cKD 
parasites cultured in the presence or absence of ATc for 12 hours. The horizontal line 
marks the mean. Statistical significance of the difference was determined by an unpaired, 
two-tailed t-test. (G) TgNuf2-cKD parasites expressing YFP-MORN1 under the control 
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of MORN1 promoter (green) and stained with !-CENP-A (red). DAPI highlights the 
nucleus. 
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Figure 2.8. TgNuf2 is required for proper mitotic segregation of chromosomes 
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Figure 2.9. Kinetochore clustering persists in the absence of MORN1 
 
HFF cells were inoculated with MORN1-KO parasites and cultured in the absence (A) or 
presence (B) of ATc for 36 hours. Following incubation parasites were methanol-fixed 
and stained with !-centrin (red) and !-Nuf2 (green).  
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Figure 2.9. Kinetochore clustering persists in the absence of MORN1 
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Figure 2.10. Full-length TgNuf2 is required to complement the conditional 
knockdown 
 
(A) Schematic showing TgNuf2 conditional knockdown complementation constructs. 
The TgNuf2 domain is shown in red and coiled coil domains are shown in yellow. (B) 
Western blot analysis of TgNuf2-cKD complementation strains. An identical number of 
parasites were loaded in each lane. (C) Plaque assays of TgNuf2-cKD complementation 
strains cultured in the presence and absence of ATc for 7 days. (D) Immunofluorescence 
assays of TgNuf2-cKD complementation strains cultured in the presence or absence of 
ATc for 12 hours and stained with !-myc.  
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Figure 2.10. Full-length TgNuf2 is required to complement the conditional 
knockdown 
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Figure 2.11. Schematics summarizing the findings on centromere-kinetochore-
centrocone-centrosome interactions in Toxoplasma 
 
CENP-A marks the centromeres. Protein X and Y refer to unknown proteins mediating 
attachment to the nuclear envelope and kinetochore clustering, respectively. Centrin 
resides in the centrosome. (A) Wild-type parasite nucleus representative of interphase. 
(B) Treatment with oryzalin for 24 hours results in stray kinetochore clusters and the 
detection of kinetochores without centromeres and centromeres without kinetochores. 
Centrosome duplication proceeds normally, however they are unable to segregate. Note 
the remaining microtubule indicating oryzalin treatment is not completely effective at 
depolymerizing all microtubules. Question marks indicate we can currently not 
differentiate between these two scenarios. (C) In the absence of TgNuf2 the interaction 
between the centrosome and spindle pole is lost. The clustered centromeres remains 
associated with the centrocone at the nuclear envelope. The fate of the microtubules is 
unknown: two scenarios are provided marked by the question marks; a third scenario 
would be the complete absence of microtubules. (D) In the absence of MORN1, the 
kinetochores remain clustered and mitosis progresses normally.  
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Figure 2.11. Schematics summarizing the findings on centromere-kinetochore-
centrocone-centrosome interactions in Toxoplasma 
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CHAPTER 3: SPINDLE MICROTUBULE LOCALIZATION DYNAMICS 
THROUGHOUT TOXOPLASMA GONDII MITOSIS AND CYTOKINESIS 
! (+ 
3.1. Introduction  
Microtubules are composed of !"-tubulin heterodimer subunits and are key components 
of the mitotic spindle and cytoskeleton. In Toxoplasma they have been shown to be 
required for daughter budding and nuclear division (Morrissette et al., 2002b, Shaw et al., 
2000, Stokkermans et al., 1996, Swedlow et al., 2002). Toxoplasma tachyzoites contain 
four distinct populations of microtubules: conoid microtubules, an apically located 
central microtubule pair, subpellicular microtubules, and spindle microtubules 
(Morrissette et al., 2002a). The 22-subpellicular microtubules emanate from the apical 
polar ring, which functions as a MTOC (Nichols et al., 1987), and are part of the parasite 
cortical cytoskeleton. The conoid and central microtubule pair are also anchored at this 
apical MTOC. The cytoplasmic centrosome serves as the MTOC for the spindle 
microtubules embedded in the centrocone (Gubbels et al., 2006). Many eukaryotes 
encode multiple genes for the !"-tubulin heterodimer subunits. Expression of the three 
isoforms of !- and "-tubulin encoded in the Toxoplasma genome appears to be stage-
specific (Nagel et al., 1988, Xiao et al., 2010). Moreover, posttranslational modifications 
were identified in one !-tubulin isoform and two "-tubulin isoforms expressed during the 
tachyzoite stage (Xiao et al., 2010). Notably, acetylation of !1-tubulin K40 has been 
demonstrated in Toxoplasma (Xiao et al., 2010), a posttranslational modification 
associated with microtubule stability in other systems (Akella et al., 2010, Wloga et al., 
2010, Wloga et al., 2008).  
 As discussed in Chapter 2, depletion of the kinetochore protein TgNuf2 results in 
disruption of the association between the cytoplasmic centrosome and centrocone, 
however the clustered centromeres remain associated with the spindle pole (Farrell et al., 
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2014). These results suggest that maintenance of spindle microtubules during G1 in 
Toxoplasma is not a requirement for centromere clustering and association with the 
centrocone. To test when in the cell cycle microtubules are present in the centrocone we 
monitored the dynamic localization of !- and "-tubulin through parasite development 
using a combination of established and novel markers of cell division and mitosis.  
Analysis using tubulin antisera revealed that spindle microtubules are absent from 
the centrocone immediately prior centrosome duplication. Furthermore, these reagents 
provided an in-depth analysis of microtubule development during assembly of the 
daughter cytoskeleton. Moreover, I employed these tubulin reagents and an end-binding 1 
(EB1) autofluorescent protein fusion construct (Chen et al., 2014, unpublished results) in 
the conditional TgNuf2 knockdown to determine the status of the spindle microtubules 
following disruption of the centrosome – centrocone association. Interestingly neither 
acetylated !-tubulin nor "-tubulin was detected in the centrocone upon depletion of 
TgNuf2, however EB1 remains associated with the centrosome upon displacement from 
the centrocone. These finding indicate there are two distinct populations of spindle 
microtubules within the centrocone: kinetochore microtubules and polar microtubules. 
Moreover, our results provide independent support for the notion that persistent 
association of the clustered centromeres with the centrocone is independent of spindle 
microtubules.  
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3.2. Results  
 
3.2.1. Tubulin localization dynamics through parasite development  
We monitored Toxoplasma tubulin localization dynamics through parasite development 
using established cell division markers. As an initial approach we costained wild-type RH 
parasites with acetylated !- and "-tubulin antisera to determine their localization during 
mitosis and cell division (Fig. 3.1). Early in G1 both acetylated !-tubulin and "-tubulin 
colocalize exclusively to the 22-subpellicular microtubules (Fig. 3.1A), which span 
approximately two-thirds the length of the parasite (Morrissette et al., 1997, Nichols et 
al., 1987, Morrissette et al., 2002a, Hu et al., 2002b). This localization persists as the 
tubulin subunits colocalize to the spindle pole late in G1 (Fig. 3.1B). Mitosis progresses, 
as demonstrated by segregation of the duplicated spindle poles, and the tubulin subunits 
highlight the developing daughter parasites (Fig. 3.1C). While both acetylated !- and "-
tubulin highlight the daughter parasites through the cell cycle, as karyokinesis completes 
the acetylated !-tubulin signal is lost from the spindle pole before the "-tubulin signal 
dissipates (Fig. 3.1D, marked by arrows). 
Independent markers of the spindle pole were used to validate this dynamic 
localization. The "-tubulin antiserum is used here as it provides the largest window of 
microtubule presence throughout mitosis. Serving as the primary marker of the spindle 
pole, the cytoskeletal protein MORN1 localizes to the centrocone throughout the cell 
cycle (Gubbels et al., 2006) (Fig. 3.1A). Costaining of parasites stably expressing pmorn-
myc2-MORN1 with "-tubulin antiserum revealed that this tubulin subunit appears in the 
spindle pole during G1 (Fig. 3.2B). We observed localization to the spindle pole through 
the completion of karyokinesis (Fig. 3.2C, D). Costaining wild-type parasites with 
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TgNuf2 antiserum and "-tubulin supports the previous finding that tubulin appears in the 
spindle during G1 (Fig. 3.3A). "-tubulin remains in close proximity to TgNuf2 through 
karyokinesis (Fig. 3.3B-F). Collectively, these results demonstrate microtubules are 
absent from the centrocone early in G1.  
 
3.2.2. !-tubulin first appears at the basal end of the nucleus  
Toxoplasma replication commences with the expansion and division of the Golgi 
apparatus followed by duplication of the centrosome (Hartmann et al., 2006). It has been 
shown that late in G1 the centrosome migrates to the basal end of the nucleus, duplicates, 
and then the duplicated centrosomes return to the apical end of the nucleus (Hartmann et 
al., 2006). Interestingly, costaining of parasites transiently expressing the centrosome 
marker ptubDDmyc-centrin1 with "-tubulin revealed that this tubulin subunit first 
appears in the spindle pole when the centrosome is positioned at the basal end of the 
nucleus (Fig. 3.4). Specifically, the centrosome is closely opposed to this early spindle 
pole signal suggesting that in addition to centrosome duplication, initiation of the spindle 
microtubules also occurs at the basal end. While the "-tubulin signal intensity in the early 
spindle pole is quite weak, it is evident that the spindle pole is at the basal end of the 
nucleus prior to (Fig. 3.4B, marked by arrows) and following centrosome duplication 
(Fig. 3.4C, marked by arrows). Subsequent analysis revealed that this basal localization is 
unique to the "-tubulin subunit since acetylated !-tubulin cannot be detected at this early 
point (Fig. 3.5A). Moreover, costaining parasites stably expressing pmornmyc2-MORN1 
with "-tubulin revealed colocalization to the spindle pole at the basal end of the nucleus 
(Fig. 3.5B). We obtained analogous results after costaining RH wild-type parasites with 
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"-tubulin and TgNuf2 antisera (Fig. 3.5C). This rotation of, or along, the nucleus is 
specific to the centrosome and spindle pole, as the plastid remains situated at the apical 
end throughout the cell cycle (Fig. 3.6). Taken together, our data, as summarized in the 
schematic of Figure 3.7, show that the centrosome and centrocone comigrate to the basal 
end of the nucleus late in G1 where spindle microtubules first appear and the centrosome 
duplicates. Our results cannot distinguish whether the whole nucleus rotates, or only the 
centrocone and associated centromeres. 
 
3.2.3. Microtubule development during early daughter bud assembly 
These tubulin reagents provide an opportunity to connect the microtubule development of 
the daughter bud with the detailed spatiotemporally resolved development of the IMC 
and alveolar components (Anderson-White et al., 2012, Anderson-White et al., 2011). To 
determine precisely when microtubules appear in the daughter buds we performed 
immunofluorescence assays using established markers of cell division. As an initial 
approach we transiently transfected wild-type RH parasites with ptubDDmyc-centrin1 to 
mark the centrosome, which serves to prompt assembly of the daughter cytoskeleton 
(Striepen et al., 2000, Hu et al., 2002a, Hartmann et al., 2006, Anderson-White et al., 
2012, Chen et al., 2013). Costaining with "-tubulin antiserum revealed this tubulin 
subunit briefly localizes to the duplicated centrosomes (Fig. 3.8B), however it 
subsequently transitions to the daughter parasites (Fig. 3.8C, D). The small GTPase 
Rab11b is responsible for vesicular transport to the alveolar component of the 
cytoskeleton, (Agop-Nersesian et al., 2010) and is an early marker of daughter cell 
formation in Toxoplasma (Anderson-White et al., 2012). As shown in Figure 3.9, Rab11b 
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initially localizes to the duplicated centrosomes (Fig. 3.9A) and then transitions to the 
early daughter buds (Fig. 3.9B) (Anderson-White et al., 2012). At this point Rab11b 
localizes apical to the centrosome in a semi-circular manner (Fig. 3.9B) (Anderson-White 
et al., 2012). To establish the order of assembly we costained parasites stably expressing 
ptubDDmyc-Rab11b with "-tubulin antiserum (Fig. 3.10). As shown in Figures 3.10A 
and B the appearance of Rab11b at the centrosome and early daughter buds is detected 
prior to "-tubulin. As cell division progresses, Rab11b and "-tubulin colocalize to the 
developing daughter parasites (Fig. 3.10D-F). These data indicate the assembly of 
Rab11b precedes the appearance of microtubules at the centrosome and early daughter 
buds. Subsequently, we costained the aforementioned parasites with striated fiber 
assemblin 3 (SFA3) antiserum to determine if this fiber, which emanates from the 
centrosome into the daughter buds (Francia et al., 2012), precedes Rab11b. As shown in 
Figures 3.11A and B, while the signal of Rab11b is already prominent, weak localization 
of SFA3 to the centrosome is evident during early stages of parasite division. The SFA3 
signal increases as Rab11b arches around the developing fiber (Fig. 3.11C, D). The 
elongated fiber localizes to the apical end of the daughter parasite throughout cell 
division (Fig. 3.11E-H). As summarized in Figure 3.12, these results indicate Rab11b and 
SFA precede microtubules at the centrosome and early daughter bud in Toxoplasma.  
 
3.2.4. Microtubules are absent from the spindle pole in the conditional TgNuf2 
knockdown  
As discussed in Chapter 2, we were unable to assess whether the spindle microtubules 
remained associated with the centrosome or the centrocone upon TgNuf2 depletion (Fig. 
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2.11C). Hence, we used the tools validated here to determine the fate of the spindle 
microtubules in the conditional TgNuf2 knockdown parasites. We detect "-tubulin in the 
spindle pole eight hours post-induction, however the signal is absent from nine hours 
post-induction with ATc onward (Fig. 3.13). The absence of the spindle microtubules at 
this time point correlates with the onset of the loss of centrosome – centrocone 
connection (Figs. 2.6D, 2.8B). While these results indicate spindle microtubules are 
displaced from the centrocone in the absence of TgNuf2, the fate of the microtubules 
remains unclear.  
 
3.2.5. The polar spindle microtubules remain associated with the centrosome in the 
absence TgNuf2  
To monitor the spindle microtubules following centrocone displacement we transiently 
transfected the conditional TgNuf2 knockdown strain with an EB1 YFP fusion protein 
encoding plasmid (Chun-Ti Chen, Naomi Morrissette, and Marc-Jan Gubbels, 
unpublished results). Highly conserved from yeast to humans, EB1 localizes to the plus 
ends of dynamic microtubules (Hayashi et al., 2003, Lansbergen et al., 2006). 
Interestingly, Toxoplasma EB1 highlights the polar spindle microtubules, which protrude 
into the nucleoplasm upon completion of mitosis (Chen et al., 2014, unpublished results; 
Fig 3.14). As shown in the upper panel of Figure 3.15A, during interphase EB1 localizes 
in close proximity to the centromere. EB1 transitions to the spindle pole during mitosis as 
demonstrated by colocalization with the centromere marker CENP-A (Fig. 3.15A, lower 
panel). Additionally, we detected EB1 localizing to the polar spindle microtubules 
protruding into the nucleoplasm following segregation of the duplicated spindle poles 
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(Fig. 3.15A, lower panel and Fig. 3.16A, lower panel, marked by arrowheads). Induction 
with ATc for 12 hours revealed EB1 localized in close proximity to the centromere in the 
single irregularly shaped nucleus (Fig. 3.15B), indicative of chromosome missegregation. 
EB1 was also seen colocalizing with CENP-A in the anuclear parasite (Fig. 3.15B) This 
was an unexpected observation, as previous data conclusively showed the absence of 
CENP-A in anuclear parasites following the induction of the conditional knockdown 
phenotype (Fig. 2.8D, G) and may be due to the overexpression of EB1-YFP. Next, we 
costained conditional knockdown parasites transiently expressing ptubEB1-YFP with !-
centrin antiserum to determine the precise localization of EB1 in anuclear parasites. In 
the absence of ATc, EB1 exhibits a distinct localization from that of the centrosome(s) 
during interphase (Fig. 3.16A, upper panel) and mitosis (Fig. 3.16A, lower panel). As 
shown in Figure 3.16B, this localization persists in the anuclear parasite following 
induction of the conditional phenotype. Collectively, these results indicate that the polar 
spindle microtubules protruding into the nucleoplasm remain associated with the 
centrosome following displacement from the centrocone in the absence of TgNuf2.  
Microtubule end binding occurs via the N-terminal CH domain of EB proteins 
(Hayashi et al., 2003). It has previously been reported that single point mutations of 
conserved residues severely alter the microtubule binding nature of EB1 (Maurer et al., 
2012). To monitor this effect in Toxoplasma we first transiently transfected the Nuf2-
cKD parasites with an EB1Q117A YFP fusion protein encoding plasmid (Chen et al., 2014, 
unpublished results). As shown in Figure 3.17A, the Q117A point mutation results in the 
stabilization of the spindle microtubules (Chen et al., 2014, unpublished results). In some 
cases we detected centromeres decorated along the microtubule lattice (Fig. 3.17A, upper 
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panel), whereas in others EB1Q117A spanned the centromere clusters (Fig. 3.17A, lower 
panel). In the absence of TgNuf2, stabilization of spindle microtubules persists (Fig. 
3.17B). Costaining of ptubEB1Q117A-YFP transiently transfected parasites with !-centrin 
antiserum revealed stabilized microtubules emanating from the centrosomes (Fig. 3.18A). 
A similar localization pattern was observed in the absence of TgNuf2 (Fig. 3.18B).  
 
3.2.6. Acetylation of "-tubulin is associated with spindle microtubule stability 
Acetylation is an evolutionary conserved posttranslational modification of microtubules 
(Verhey et al., 2007, Westermann et al., 2003b). The observation that acetylation of !-
tubulin follows the appearance of "-tubulin (Fig. 3.5), and dissipates first at completion 
of karyokinesis (Fig. 3.1) led us to hypothesize that spindle microtubules could be 
associated with this acetylation. Since the stabilization of spindle microtubules by 
ptubEB1Q117A-YFP expression has a very distinct, stabilized spindle phenotype (Figs. 
3.17 and 3.18), we hypothesized that pharmacological stabilization of acetylated !-
tubulin should result in a similar phenotype. Histone deacetylase 6 (HDAC6) has been 
shown to reverse this posttranslation modification of alpha tubulin (Hubbert et al., 2002, 
Matsuyama et al., 2002, Verhey et al., 2007, Westermann et al., 2003b). Moreover, 
inhibition of HDAC6 retains !-tubulin acetylation and microtubule stability (Matsuyama 
et al., 2002). To determine if spindle microtubule stability was associated with increased 
!-tubulin acetylated in Toxoplasma we treated parasites with the HDAC inhibitors 
Trichostatin A (TSA) and sodium butyrate. As shown in Figure 3.19, parasites treated 
with 100 nM TSA for one hour exhibit increased spindle microtubule stability relative to 
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the DMSO control. In contrast, treatment with 5 mM sodium butyrate for up to six hours 
failed to stabilize the spindle microtubules (data not shown).  
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3.3. Discussion  
 
Essential components of the Toxoplasma mitotic spindle and cytoskeleton, microtubules 
are required for daughter budding and nuclear division (Morrissette et al., 2002b, 
Morrissette et al., 2002a, Shaw et al., 2000, Stokkermans et al., 1996, Swedlow et al., 
2002). We examined the dynamic localization of !"-tubulin through parasite 
development using established markers of cell division. Our results revealed both 
acetylated !- and "-tubulin exhibit dynamic localization to the subpellicular microtubules 
and spindle microtubules through parasite development (Fig. 3.1). Interestingly, 
localization of "-tubulin to the spindle pole persists through karyokinesis, whereas 
acetylated !-tubulin disappears before its completion (Fig. 3.1B-D). Further analysis 
revealed "-tubulin is preceded at the spindle pole by MORN1 (Fig. 3.2A) and TgNuf2 
(Fig. 3.3A), both of which are constitutively present at the centrocone. Upon detection of 
"-tubulin, localization to the spindle pole was observed and persisted prior to the 
completion of cytokinesis (Figs. 3.2B-D and 3.3B-D). Collectively, our results 
conclusively indicate that spindle microtubules are absent from the centrocone early in 
G1. This conclusion is supported by our previous observation, which demonstrated the 
retained association of the clustered centromeres with the centrocone both in the absence 
of TgNuf2/TgNdc80 (Fig. 2.8G) and following treatment with oryzalin (Fig. 2.5E).  
The initial appearance of spindle microtubules was observed immediately prior to 
centrosome duplication when the centrocone was positioned with the centrosome at the 
basal end of the nucleus (Fig. 3.4B, C). This migration was exclusive to the centrocone 
and centrosome, as MORN1 (Fig. 3.5B) and TgNuf2 (Fig. 3.5C) localized in close 
proximity to "-tubulin, while the plastid remained positioned apical of the nucleus 
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throughout the cell cycle (Fig. 3.6). Collectively, our results demonstrate that the 
initiation of spindle microtubules and centrosome duplication occurs at the basal end of 
the nucleus. Initially, late in G1, the centrosome and centrocone comigrate to the basal 
end of the nucleus (Fig. 3.7B). Immediately prior to centrosome duplication "-tubulin is 
detected in the centrocone, indicating initiation of spindle microtubules (Fig. 3.7B). 
Following duplication, the centrosome and centrocone comigrate to the apical region of 
the nucleus. As previously mentioned, we are unable to distinguish whether the whole 
nucleus rotates, or only the centrocone and associated centromeres. Subsequently, 
acetylated !-tubulin is detected in the spindle pole prior to the onset of mitosis (Fig. 
3.7D).  
Our data suggest that the appearance of acetylated !-tubulin in the spindle pole 
serves to stabilize the spindle microtubules (Fig. 3.7D). As the cell cycle progresses, this 
posttranslational modification of !-tubulin is lost, destabilizing the microtubules prior to 
the loss of the "-tubulin signal in the spindle pole. In Toxoplasma, genetically increased 
!-tubulin acetylation, observed in the EB1Q117A mutant, is associated with spindle 
microtubule stability (Fig. 3.18). This indicates that, like in other systems (Verhey et al., 
2007), the acetylation of Toxoplasma !-tubulin stabilizes microtubules. It is well 
established that deacetylation of !-tubulin by HDAC6 can be inhibited by TSA (Zhang et 
al., 2003, Hubbert et al., 2002, Matsuyama et al., 2002). Pharmacological inhibition of 
HDAC6 increases !-tubulin acetylation, and when tested in Toxoplasma indeed 
stabilized the spindle microtubules (Fig. 3.19). In Toxoplasma acetylation of !-tubulin 
has been experimentally detected at lysine 40 (Xiao et al., 2010), although the specific 
association with microtubule stability was not tested in this study. 
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 In addition to highlighting the spindle microtubules embedded in the centrocone, 
"-tubulin also localizes to the duplicated centrosomes (Fig. 3.8B), which serve as the 
platform for daughter cytoskeleton assembly (Chen et al., 2013). Following assembly at 
the duplicated centrosomes, "-tubulin transitions to the early daughter buds (Fig. 3.8B), 
indicating initial microtubule development. Subcellular localization studies with Rab11b 
revealed this small GTPase responsible for vesicular transport to the parasite cytoskeleton 
(Agop-Nersesian et al., 2010) precedes the assembly of "-tubulin at the centrosome (Fig. 
3.10B, C). Detailed analysis of the IMC and alveolar components revealed the initial 
assembly of the daughter buds is marked by the colocalization of Rab11b and IMC15 
apical of the duplicated centrosomes (Fig. 3.12C) (Anderson-White et al., 2012, 
Anderson-White et al., 2011). Moreover, our results revealed that SFA3, which is 
essential for microtubule deposition (Francia et al., 2012), appears concurrently with 
Rab11b at the centrosome (Figs. 3.11A, B and 3.12C). Given its putative function and 
evolutionary origin, it is reasonable that the fiber responsible for deposition of daughter 
bud microtubules would appear at the centrosome prior to tubulin. Taken together, these 
results indicate that assembly of the IMC and alveolar components at the daughter 
cytoskeleton precede the deposition of the daughter bud microtubules (Fig. 3.12).  
 Our previous results demonstrated the loss of interaction between the cytoplasmic 
centrosome and spindle pole embedded in the nuclear envelope upon depletion of 
TgNuf2 (Fig. 2.8E, F). We hypothesized three potential outcomes following this loss of 
association: the spindle microtubules remain embedded in the centrocone, they remain 
associated with the centrosome or the complete absence of microtubules (Fig. 2.11C). 
Interestingly, our data indicate there are two distinct populations of spindle microtubules 
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within the centrocone: polar microtubules protruding into the nucleoplasm and 
kinetochore microtubules. Analysis using the "-tubulin antibody revealed the presence of 
tubulin in the spindle pole eight hours post-induction with ATc, however this signal was 
absent beginning at the onset of the conditional phenotype (Fig. 3.13). Our results 
indicate that the kinetochore microtubules are indeed absent from the centrocone 
following depletion of TgNuf2. This data confirm that microtubules do not mediate the 
association between the clustered centromeres and centrocone, as it is maintained in the 
absence of TgNuf2 (Fig. 2.8G). Thus, it can be postulated that the clustered centromeres 
are associated with the nuclear envelope throughout the cell cycle. Currently, the 
mechanism for this tethering remains unresolved.  
 Further analysis using the Toxoplasma EB1 homologue revealed this end-binding 
protein highlights a specific population of polar spindle microtubules protruding into the 
nucleoplasm (Figs. 3.14D, E, 3.15A and 3.16A, lower panels). During interphase EB1 
localizes as a single nuclear spot in close proximity to the centromere (Figs. 3.15A and 
3.16A, upper panels). During mitosis Toxoplasma EB1 localizes to the spindle pole (Fig. 
3.15A, lower panel) and highlights the polar spindle microtubules protruding into the 
nucleoplasm (Figs. 3.15A and 3.16A, lower panels). In the absence of TgNuf2, EB1 
remains associated with the centrosome (Fig. 3.16B). These results indicate that the 
spindle microtubules protruding into the nucleoplasm are displaced from the centrocone 
and remain associated with the centrosome. Interestingly, we also observed EB1 
colocalizing with CENP-A in the anuclear parasite following chromosome 
missegregation. These finding suggest, that in addition to binding to the spindle 
microtubules protruding into the nucleoplasm, EB1 stabilizes the interaction with CENP-
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A following chromosome missegregation. Our observations may simply be an artifact of 
overexpression or the bulky YFP tag, however CENP-A localizes as expected in the 
control. This is dually supported by the previous observation that the centromeres remain 
associated with the centrocone throughout the cell cycle (Brooks et al., 2011) and our 
data demonstrating EB1 localizes to spindle pole during mitosis (Fig. 3.15A, lower 
panel). While the kinetochore microtubules are no longer detected in the absence of 
TgNuf2, we are unable to determine the fate of these microtubules using currently 
available regents. These results suggest that stability of the kinetochore microtubules 
require attachment to the kinetochore, for which is established precedent (Deluca et al., 
2002, Hunt et al., 1998, Mitchison et al., 1986, Pearson et al., 2003, Zhai et al., 1995). 
Based on our results, it appears the polar and kinetochore microtubules are connected, as 
CENP-A colocalizes with EB1 following depletion of TgNuf2. Characterization of 
additional tubulin markers will provide details into the dynamics of these microtubules in 
the conditional TgNuf2 knockdown. Collectively, our results indicate the centrocone is 
devoid of all spindle microtubules in the absence of TgNuf2 (Fig. 3.20B).  
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Figure 3.1. Localization dynamics of acetylated !-tubulin and "-tubulin throughout 
mitosis and cell division 
 
HFF cells inoculated with RH wild-type parasites were methanol-fixed and stained with 
!-"-tubulin (green) and !-acetylated !-tubulin (red) antisera. DAPI highlights the 
genetic material. The insert represents 2x magnification. (A) Mature parasites early in 
G1. Acetylated !- and "-tubulin colocalize exclusively to the 22-subpellicular 
microtubules. (B) Acetylated !- and "-tubulin appear in the spindle pole late in G1. (C) 
Colocalization of acetylated ! and "-tubulin at the spindle pole and daughter buds 
persists through mitosis. (D) Localization to the spindle pole is exclusive to "-tubulin 
(marked by arrows) as karyokinesis completes.  
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Figure 3.1. Localization dynamics of acetylated !-tubulin and "-tubulin throughout 
mitosis and cell division 
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Figure 3.2. "-tubulin localizes with MORN1 at the spindle pole  
 
HFF cells inoculated with parasites stably expressing pmornmyc2-MORN1 were 
subjected to methanol fixation and immunofluorescence analysis. !-myc (red); !-"-
tubulin (green). DAPI highlights the nucleus. Note: MORN1 also localizes to the 
daughter cytoskeleton as well as the apical and basal complexes. (A) Mature parasites 
during G1. "-tubulin colocalizes exclusively to the 22-subpellicular microtubules. (B) "-
tubulin localizes in close proximity to MORN1 at the spindle pole during G1. (C) The 
localization of "-tubulin and MORN1 at the spindle pole persists through mitosis. (D) 
Localization of "-tubulin at the spindle pole persists through the completion of 
karyokinesis.  
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Figure 3.2. "-tubulin localizes with MORN1 at the spindle pole  
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Figure 3.3. "-tubulin localizes with TgNuf2 at the spindle pole  
 
HFF cells inoculated with RH wild-type parasites were subjected to methanol fixation 
and immunofluorescence analysis. !-Nuf2 (red); !-"-tubulin (green). DAPI highlights 
the nucleus. (A) Mature parasites during G1. "-tubulin localizes exclusively to the 22-
subpellicular microtubules. (B) "-tubulin appears in the spindle pole and localizes in 
close proximity with TgNuf2 during G1. (C-D) Localization of "-tubulin and TgNuf2 to 
the spindle pole persists during mitosis. (E-F) "-tubulin localizes in close proximity to 
TgNuf2 at the spindle pole through the completion of karyokinesis, but then disappears 
(left parasite in panel F) before cytokinesis is complete. 
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Figure 3.3. "-tubulin localizes with TgNuf2 at the spindle pole  
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Figure 3.4. "-tubulin localizes to the basal end of the nucleus with the centrosome   
 
HFF cells inoculated with parasites transiently expressing ptubDDmyc-centrin1 stabilized 
with Shield-1 were subjected to methanol fixation and immunofluorescence analysis. !-
myc (red); !-"-tubulin (green). DAPI highlights the nucleus. (A) !-Myc highlights a 
single centrosome at the basal end of the nucleus. (B) "-tubulin localizes to the spindle 
pole at the basal end of the nucleus prior to centrosome duplication. (C) Localization of 
"-tubulin to the spindle pole persists as the centrosome duplicates at the basal end of the 
nucleus.  
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Figure 3.4. "-tubulin localizes to the basal end of the nucleus with the centrosome   
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Figure 3.5. Localization of "-tubulin in the spindle at the basal end of the nucleus  
 
HFF cells inoculated with parasites were subjected to methanol fixation and 
immunofluorescence analysis. DAPI highlights the nucleus. (A) Wild-type RH parasites 
were costained with !-acetylated !-tubulin (red) and !-"-tubulin (green). "-tubulin 
localizes to the spindle pole at the basal end of the nucleus, while acetylated !-tubulin is 
absent. (B) Parasites stably expressing ptubmyc2-MORN1(red) were costained with !-"-
tubulin (green). While positioned at the basal end of the nucleus, "-tubulin and MORN1 
colocalize to the spindle pole. (C) Wild-type RH parasites were costained with !-TgNuf2 
(red) and !-"-tubulin (green). "-tubulin and TgNuf2 colocalize to the spindle pole at the 
basal end of the nucleus.  
! *% 
Figure 3.5. Localization of "-tubulin in the spindle at the basal end of the nucleus 
! *& 
Figure 3.6. The plastid does not migrate to the basal end of the nucleus   
 
HFF cells inoculated with wild-type RH parasites were subjected to methanol fixation 
and immunofluorescence analysis. Strepavidin-A594 was used as a marker for the plastid 
(red); "-tubulin (green). DAPI highlights the nucleus. (A) Mature parasites during early 
G1. "-tubulin localizes exclusively to the 22-subpellicular microtubules. (B) "-tubulin 
localizes to the spindle pole positioned at the basal end of the nucleus. The plastid 
remains situated at the apical end. (C) The spindle pole rotates along or with the nucleus 
to the apical end. (D) As the duplicated spindle poles segregate during mitosis, the 
apicoplast elongates. (E) The apicoplast is partitioned into the daughter buds.  
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Figure 3.6. The plastid does not migrate to the basal end of the nucleus   
! *( 
Figure 3.7. Initiation of spindle microtubules occurs at the basal end of the nucleus 
 
(A) Mature parasite early in G1. (B) Late in G1 the centrosome and centrocone co-
migrate to the basal end of the nucleus. "-tubulin is detected in the centrocone 
immediately prior to centrosome duplication. (C) The centrosome duplicates at the basal 
end of the nucleus. (D) Acetylated !-tubulin is detected in the spindle pole following the 
co-migration of the centrocone and centrosome to the apical end of the nucleus.  
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Figure 3.7. Initiation of spindle microtubules occurs at the basal end of the nucleus   
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Figure 3.8. "-tubulin localizes to the centrosomes 
 
HFF cells inoculated with parasites transiently expressing ptubDDmyc-centrin1 stabilized 
with Shield-1 were subjected to methanol fixation and immunofluorescence analysis. !-
myc (red); !-"-tubulin (green). DAPI highlights the nucleus. (A) Mature parasites early 
in G1. "-tubulin localizes exclusively to the 22-subpellicular microtubules. (B) "-tubulin 
localizes to the duplicated centrosomes (right parasite) and subsequently to the early 
daughter buds (left parasite). (D-E) "-tubulin highlights the developing daughter parasites 
as the parasites progress through mitosis and cell division. Inserted panels are 2x 
enlargements of the boxed regions.  
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Figure 3.8. "-tubulin localizes to the centrosomes 
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Figure 3.9. Rab11b localizes to the centrosome and daughter buds 
 
HFF cells inoculated with parasites stably expressing ptubDDmyc-Rab11b stabilized 
with Shield-1 were subjected to methanol fixation and immunofluorescence analysis. !-
centrin (green); !-myc (red); DAPI highlights the nucleus. (A) Rab11b localizes to the 
duplicated centrosomes. (B) Rab11b transitions to the early daughter buds, as represented 
by the arch formed apical to the centrosomes.  
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Figure 3.9. Rab11b localizes to the centrosome and daughter buds  
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Figure 3.10. Rab11b precedes "-tubulin at the centrosome and daughter buds   
  
HFF cells inoculated with parasites stably expressing ptubDDmyc-Rab11b stabilized 
with Shield-1 were subjected to methanol fixation and immunofluorescence analysis. !-
myc (red); !-"-tubulin (green); DAPI highlights the nucleus. (A) Rab11b appears in the 
centrosomes while "-tubulin localizes to the spindle pole. (B) Rab11b transitions to the 
early daughter buds as localization of "-tubulin at the spindle pole persists. (C) Rab11b 
and "-tubulin colocalize at the early daughter buds. (D-E) The colocalization of Rab11b 
and "-tubulin at the daughter buds persists as the spindle poles segregate during mitosis. 
(F) Rab11b and "-tubulin colocalize to the mid daughter buds.  
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Figure 3.10. Rab11b precedes "-tubulin at the centrosome and daughter buds 
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Figure 3.11. Rab11b and SFA3 appear concurrently in daughter buds  
 
HFF cells inoculated with parasites stably expressing ptubDDmyc-Rab11b stabilized 
with Shield-1 were subjected to methanol fixation and immunofluorescence analysis. !-
SFA3 (green); !-myc (red); DAPI highlights the nucleus. (A-B) SFA3 and Rab11b 
colocalize to the centrosome. (C-D) Localizing to the daughter buds, Rab11b arches 
around SFA at the centrosomes. (E-H) Rab11b highlights the daughter parasites. The 
elongated SFA fiber localizes to the apical end of the daughter parasite through division.  
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Figure 3.11. Rab11b and SFA3 appear concurrently in daughter buds  
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Figure 3.12. Microtubule development during early daughter budding    
 
(A) Wild-type parasite during G1. (B) Close-up of the nucleus during G1. (C) The 
earliest components of the daughter cytoskeleton, IMC15 and Rab11b first accumulate at 
the duplicated centrosomes and then transition to the daughter buds. SFA3 appears 
concurrently with Rab11b at the centrosomes. (C) Acetylated !- and "-tubulin appear at 
the duplicated centrosomes and then transition to the developing daughter buds. (D) The 
spindle poles duplicate and the parasite progresses through mitosis.  
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Figure 3.12. Microtubule development during early daughter budding 
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Figure 3.13. Microtubules are absent from the spindle pole in the conditional 
TgNuf2 knockdown  
 
HFF cells were inoculated with TgNuf2-cKD parasites and incubated for six to eight 
hours. Following incubation, parasites were cultured in the presence or absence of ATc, 
subjected to methanol fixation and immunofluorescence analysis. "-tubulin (green). 
DAPI highlights the nucleus. In the absence of ATc, "-tubulin localizes to the spindle 
pole at all time points. This colocalization persists eight hours post-induction with ATc. 
Beginning at nine hours, which marks the onset of the conditional phenotype, "-tubulin is 
absent from the spindle pole.  
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Figure 3.13. Microtubules are absent from the spindle pole in the conditional 
TgNuf2 knockdown  
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Figure 3.14. Toxoplasma EB1 highlights the polar spindle microtubules  
 
(A) Wild-type parasite early in G1. Note the absence of spindle microtubules in the 
centrocone. (B) Spindle microtubules are detected in the centrocone prior to centrosome 
duplication. (C) The polar microtubules are detected in the spindle (D) The polar spindle 
microtubules protruding into the nucleoplasm highlighted by EB1 are detected following 
segregation of the spindle poles. (E) Electron micrograph shows the centromeres (black 
arrowhead) anchored to the centrocone (enlarged inset). The polar microtubules (white 
arrowheads) protrude into the nucleoplasm. MT: microtubule; N: nucleus; K: 
kinetochore. Figure 3.14E reprinted by permission from Macmillan Publishers Ltd: 
Nature Reviews Microbiology (Francia et al., 2014).  
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Figure 3.14. Toxoplasma EB1 highlights the polar spindle microtubules  
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Figure 3.15. EB1 highlights the polar spindle microtubules in the conditional 
TgNuf2 knockdown 
 
HFF cells were inoculated with TgNuf2-cKD parasites transiently expressing ptubEB1-
YFP/sagCAT and incubated for six to eight hours. Following incubation parasites were 
cultured in the presence (B) or absence (A) of ATc for 12 hours, subjected to methanol 
fixation and immunofluorescence. EB1-YFP (green); !-CENPA (red). DAPI highlights 
the nucleus. (A) In the absence of ATc, EB1 localizes in close proximity to the 
centromere during interphase (upper panel). EB1 transitions to the spindle pole during 
mitosis (lower panel). (B) EB1 persists in the anuclear parasite. A weak CENP-A signal 
is also present.  
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Figure 3.15. EB1 highlights the spindle microtubules in the conditional TgNuf2 
knockdown 
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Figure 3.16. The spindle microtubules remain associated with the centrosome in the 
absence of TgNuf2  
 
HFF cells were inoculated with TgNuf2-cKD parasites transiently expressing ptubEB1-
YFP/sagCAT and incubated for six to eight hours. Following incubation parasites were 
cultured in the presence (B) or absence (A) of ATc for 12 hours, subjected to methanol 
fixation and immunofluorescence. EB1-YFP (green); !-centrin (red). DAPI highlights 
the nucleus. (A) EB1 localizes as a single nuclear spot (s) during interphase (upper panel) 
and duplicates during mitosis (lower panel). The arrowheads mark the spindle 
microtubules protruding into the nucleoplasm. (B) EB1 remains associated with the 
centrosome in the anuclear parasite following chromosome missegregation.  
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Figure 3.16. The spindle microtubules remain associated with the centrosome in the 
absence of TgNuf2  
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Figure 3.17. EB1Q117A stabilizes the spindle microtubules in the TgNuf2 conditional 
knockdown   
 
HFF cells were inoculated with TgNuf2-cKD parasites transiently expressing 
ptubEB1Q117A-YFP/sagCAT and incubated for six to eight hours. Following incubation 
parasites were cultured in the presence (B) or absence (A) of ATc for 12 hours, subjected 
to methanol fixation and immunofluorescence. EB1Q117A-YFP (green); !-CENPA (red). 
DAPI highlights the nucleus. (A) In the absence of ATc, the centromeres are detected 
along the microtubule lattice (upper panel). EB1Q117A was also detected spanning the 
centromere clusters (lower panel). (B) Stabilization of spindle microtubules persists in the 
presence of ATc.  
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Figure 3.17. EB1Q117A stabilizes the spindle microtubules in the TgNuf2 conditional 
knockdown   
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Figure 3.18. EB1Q117A stabilized microtubules remain associated with the 
centrosome in the absence of TgNuf2  
 
HFF cells were inoculated with TgNuf2-cKD parasites transiently expressing 
ptubEB1Q117A-YFP/sagCAT and incubated for six to eight hours. Following incubation 
parasites were cultured in the presence (B) or absence (A) of ATc for 12 hours, subjected 
to methanol fixation and immunofluorescence. EB1Q117A-YFP (green); !-centrin (red). 
DAPI highlights the nucleus. (A) In the absence of ATc, the stabilized microtubules 
remain closely associated with the centrosome (s) during interphase (upper panel) (B) 
Close association with the centrosome persists in the presence of ATc and induction of 
the conditional phenotype.  
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Figure 3.18. EB1Q117A stabilized microtubules remain associated with the 
centrosome in the absence of TgNuf2 
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Figure 3.19. Increased !-tubulin acetylation is associated with stabilized spindle 
microtubules  
 
HFF cells were inoculated with wild-type RH parasites incubated overnight. Following 
incubation parasites were cultured in the presence of 100 nM TSA or DMSO control for 
one hour, subjected to methanol fixation and immunofluorescence.  
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Figure 3.19. !-tubulin acetylation induced by TSA stabilizes spindle microtubules 
 
! "#$ 
Figure 3.20. Spindle microtubules are absent from the centrocone in the TgNuf2 
conditional knockdown    
 
(A) There are two distinct populations of spindle microtubules in wild-type parasites: 
kinetochores microtubules and polar microtubules, which are highlighted by EB1. (B) In 
the absence of TgNuf2 and the loss of centrosome – centrocone interaction, the 
kinetochore microtubules are no longer detected. The polar spindle microtubules 
protruding into the nucleus are displaced from the centrocone and remain associated with 
the centrosome.  CENP-A remains bound to EB1 in the absence of TgNuf2.  
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Figure 3.20. Spindle microtubules are absent from the centrocone in the TgNuf2 
conditional knockdown  
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CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS  
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4.1. Conclusion   
In this dissertation, I addressed the role of spindle microtubules and their 
association with kinetochores during interphase and mitosis. Characterization of the 
kinetochore protein TgNuf2 and TgNdc80 revealed clustering of kinetochores, a process 
largely independent of spindle microtubules, persists throughout the cell cycle (Figs. 2.3 
and 2.5). The generation of a conditional knockdown using homologous recombination 
revealed TgNuf2 is an essential kinetochore component required for chromosome 
segregation, but is dispensable for centromere clustering (Figs. 2.6, 2.7 and 2.8A, D). 
Furthermore, depletion of TgNuf2 disrupts the stable interaction between the cytoplasmic 
centrosome and centrocone maintained throughout the cell cycle (Fig. 2.8E). 
Examination of tubulin localization dynamics revealed the initiation of spindle 
microtubules occurs late in G1, prior to centrosome duplication, at the basal end of the 
nucleus (Figs. 3.4 and 3.7). Moreover, the assembly of the IMC and alveolar components 
at the daughter cytoskeleton precedes microtubule development during parasite division 
(Figs. 3.10, 3.11 and 3.12). Using established and novel cell cycle markers, we 
determined that the centrocone comprises polar spindle microtubules and kinetochore 
spindle microtubules. In the absence of TgNuf2 the kinetochore microtubules are no 
longer detected, while the polar microtubules protruding into the nucleoplasm remain 
associated with the centrosome following displacement from the centrocone (Figs. 3.13 
and 3.16). The results presented in this dissertation provide unprecedented details into the 
mechanism of chromosome anchoring and segregation during the cell cycle in the 
protozoan parasite Toxoplasma gondii.  
! "#( 
Our observation of kinetochore clustering throughout the cell cycle is consistent 
with the recent finding that clustered centromeres are persistently associated with the 
centrocone (Brooks et al., 2011). This persistent association of clustered kinetochores 
with the centrocone may serve as a means to ensure genome integrity during cell 
division. This proposed model is particularly applicable for the related coccidian parasite 
S. neurona, which divides by endopolygeny. Marked by DNA replication in the absence 
of nuclear division, this mode of cell division results in the formation of a polyploid 
nucleus intermediate prior to the formation of 64 haploid daughter parasites (Vaishnava 
et al., 2005, Striepen et al., 2007, Brooks et al., 2011). Persistent association of 
chromosomes via kinetochores with intranuclear spindle poles likely ensures genome 
integrity as ploidy increases and that each daughter emerges with a complete set of 
chromosomes. In contrast, division by schizogony, as seen in P. falciparum, results in the 
formation of schizont intermediates in which thousands of nuclei share a single 
cytoplasm, none of which appear to possess a genome content greater than 2N (Gerald et 
al., 2011, Arnot et al., 2011). These data indicate schizogony does not require strict 
chromosome organization, which is supported by the recent observation that clustering of 
centromeres in P. falciparum only occurs prior to the onset of mitosis (Hoeijmakers et 
al., 2012). Collectively, these observations indicate the persistent clustering of 
kinetochores within the Apicomplexa is specific only to the Sarcocystidae.  
Our results indicate the mechanism of kinetochore clustering in Toxoplasma is not 
strictly dependent on spindle microtubules, as treatment with the microtubule 
depolymerizing agent oryzalin fails to completely disrupt clustering. Depolymerization of 
microtubules resulted in the detection of stray kinetochores, however 14 nuclear spots 
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corresponding to kinetochores of individual chromosomes were never observed. 
Microtubule-independent clustering of kinetochores has also been observed been in S. 
cerevisiae, as nocodazole treatment results in the disconnection of few kinetochores from 
the spindle pole, but fails to abolish clustering (Richmond et al., 2013). Treatment with 
nocodazole failed to disrupt all kinetochore-microtubule attachments, as indicated by the 
localization of kinetochore clusters to the spindle pole (Castagnetti et al., 2010, 
Richmond et al., 2013, Sawin et al., 2004). Moreover, in S. pombe clustered centromeres 
are anchored to the NE independent of microtubules during interphase (Hou et al., 2013, 
Hou et al., 2012). This process has been attributed to the chromosome segregation 
impaired 1 (Csi1) protein in fission yeast (Hou et al., 2013, Hou et al., 2012). While we 
were unable to identify a Csi1 ortholog in the Toxoplasma genome, a protein of similar 
function is expected to be present (protein X in Fig. 2.11).  
 Induction of the conditional TgNuf2 knockdown phenotype results in nuclear 
fragmentation (Figs. 2.7 and 2.8A), however complete loss of clustering was never 
observed (Fig. 2.8D). Moreover, the clustered centromeres remain persistently associated 
with the centrocone in the absence of this kinetochore protein (Fig. 2.8E). Further 
analysis revealed spindle microtubules also do not mediate the anchoring or clustering of 
centromeres, as these processes are maintained in their absence (Fig. 2.5E). Similar 
phenotypes have been observed in Nuf2 and Ndc80 temperature sensitive (ts) mutants 
generated in yeast (Anderson et al., 2009, Janke et al., 2001, Jin et al., 2000). In addition, 
various proteins have been associated with kinetochore clustering, including 
Chromosome instability 8 (Cin8) and the Kinesin related proteins 1 (Kip1) (Gardner et 
al., 2008) and 3 (Kip3) (Wargacki et al., 2010), but only moderate disruption to 
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kinetochore clustering was observed in these mutants. More recently, it was revealed that 
disruption of spindle microtubules in conjunction with depletion of Synthetic lethal 
Kar3p 19 (Slk19) in budding yeast results in a more dramatic loss of kinetochore 
clustering (Richmond et al., 2013). CENP-F/mitosin has been identified has a putative 
functional ortholog of Slk19 in mammalian cells (Holt et al., 2005). No direct ortholog of 
Slk19 or CENP-F was identified in the Toxoplasma genome, however based on these data 
and our results, we predict that a protein with similar kinetochore-cohesive function is 
present (protein Y in Fig. 2.11).  
 Our data suggest that the appearance of acetylated !-tubulin in the centrocone 
serves to stabilize the spindle microtubules in Toxoplasma (Fig. 3.7D). Increased !-
tubulin acetylation observed in the EB1Q117A mutant and following TSA treatment 
resulted in stabilized spindle microtubules. These results indicate that, like in other 
systems (Verhey et al., 2007), this posttranslational modification functions to stabilize 
microtubules in Toxoplasma. Additionally, the single subpellicular microtubules of 
apicomplexans are remarkable stable, demonstrating resistance to pressure, cold 
temperatures and detergents (Morrissette et al., 1997, Morrissette et al., 2002a). 
Microtubule stability is partially regulated by the binding of microtubule-associated 
proteins to tubulin subunits. In Toxoplasma, the microtubule-associated protein 
subpellicular microtubule 1 (SPM1) is critical for regulating the stability of the 
subpellicular microtubules (Tran et al., 2012). In absence of SPM1, the subpellicular 
microtubules are disrupted by detergent treatments (Tran et al., 2012). Regulation of 
microtubule stability in Toxoplasma is likely therefore, a combination of posttranslational 
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modifications of the !" tubulin heterodimer and binding of microtubule-associated 
proteins (Xiao et al., 2010).  
 The retention of clustering and anchoring in the absence of spindle microtubules 
strongly suggests that the centromeres remain bound to the nuclear envelope throughout 
the cell cycle, however the mechanism for this tethering has yet to be resolved. These 
results undoubtedly warrant further investigation to determine the mechanism of 
clustering and the potential anchoring to the nuclear envelope. Further elucidation of 
these processes will provide a greater understanding of mitosis, specifically chromosome 
segregation in the protozoan parasite Toxoplasma gondii. 
 
4.2. Future Directions  
The discovery of additional kinetochore and centromere proteins is critical to advance our 
understanding of chromosome organization and mitosis in Toxoplasma gondii. Due to the 
variability in the primary sequences among eukaryotes, the identification of novel 
components will need to rely on biochemical approaches. As discussed in Appendix A, 
the proximity-dependent biotin identification (BioID) system will prove essential in our 
quest to dissect the kinetochore proteome. Selection of putative candidates will be based 
highly on cell cycle expression profiles, as the identification of annotated genes is 
unlikely (see Appendix A). Subcellular localization will be examined by generating 
autofluorescent fusions at both the N- and C- terminus. Direct knockout or conditional 
knockdown strains will need to be generated to fully assess the function of these proteins. 
In the event we are unable to identify novel kinetochore proteins using the BioID system, 
employing the yeast-two-hybrid system should also be considered as an option. 
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 Determining the mechanisms of clustering and anchoring is dependent upon the 
successful identification and characterization of putative kinetochore and centromere 
proteins. Dissection of these processes will require examining the localization of 
established kinetochore and centromere markers in knockdown and/or conditional 
knockdown strains to conclusively determine if there is a defect. Treatment of these 
strains with the microtubule depolymerizing agent oryzalin should also be considered in 
the event disruption of clustering is not observed following protein depletion. Moreover, 
the identification and characterization of nuclear envelope proteins will be required to 
conclusively determine if clustered centromeres are anchored to the nuclear membrane. 
The mechanisms underlying these phenomena appear highly organized; therefore the 
involvement of multiple proteins is quite possible. In this event, the generation of double 
knockout strains will be required to determine if clustering and/or anchoring is affected.  
 It will be interesting to understand the mechanism of the centrosome-centrocone 
association. To determine if this interaction is microtubule-based, direct knockouts or 
conditional knockdowns of !- and "-tubulin will have to be generated. Moreover, our lab 
is currently in the process of characterizing the two "-tubulin isotypes, which may prove 
useful in determining the fate of kinetochore microtubules following depletion of 
TgNuf2.  
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CHAPTER 5: MATERIALS AND METHODS 
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5.1. Parasites  
RH strain parasites and transgenic derivatives were maintained in human foreskin 
fibroblasts (HFF) as previously described (Roos et al., 1994). Stable parasites expressing 
transgenes were selected under 1 µM pyrimethamine and 20 µM chloramphenicol. The 
TgNuf2 conditional knockdown was induced at a concentration of 1.0 µg/ml anhydrous 
tetracycline (ATc). The RH#Ku80#HX (Huynh et al., 2009) (kindly provided by Vern 
Carruthers, University of Michigan), TATi#Ku80 (Sheiner et al., 2011) and CENP-A-
HA3 (Brooks et al., 2011) (Boris Striepen, University of Georgia) parasite strains were 
used in this study.   
 
5.2. RACE-PCR  
To validate the gene models on ToxoDB and to identify the 5’ and 3’ end of TgNuf2 and 
TgNdc80 we used the Gene Racer kit (Invitrogen) using RH strain RNA following the 
manufacturer’s instructions. Primer sequences are available in Table 5.1.  
 
5.3. Plasmids  
All primer sequences are listed in Table 5.1. The plasmid ptub-Ndc80-
CherryRFP/sagCAT was generated by amplifying the Ndc80 CDS using primers Ndc80-
Bc-N-F1 and Ndc80-AvrII-R. The insert, digested with BclI/AvrII, was cloned into the 
ptub-mCherry-RFP2/sagCAT (Chtanova et al., 2008) plasmid using BglII/AvrII 
restriction enzymes.  The plasmid ptub-Nuf2-YFP/sagCAT was generated by amplifying 
the Nuf2 CDS using primers Nuf2-Bam-F and Nuf2v2-Avr-R. The insert, digested with 
BamHI/AvrII, was cloned into the ptub-YFP2(MCS)/sagCAT plasmid using BglII/AvrII 
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restriction enzymes. The plasmid pndc80-Ndc80-YFP/sagCAT was generated by 
amplifying the promoter (1.5kb upstream from the start codon) using primers pndc80-
PmeI-F and pndc80-BglII-R. The insert, digested with PmeI/BglII was cloned into the 
ptub-YFP2(MCS)/sagCAT (Gubbels et al., 2003) plasmid using PmeI/BglII restriction 
enzymes. The Ndc80 CDS was then cloned into the intermediate plasmid using the 
abovementioned primers. 
 The full-length complementation vector, ptub-Nuf2-myc3/sagCAT was generated 
by amplifying the Nuf2 CDS using primers Nuf2-Bam-F and Nuf2v2-Avr-R. The insert, 
digested with BamHI/AvrII, was cloned into ptub-CactinCD1-3myc3/sagCAT plasmid 
using BglII/AvrII restriction enzymes. The deletion and mutant complementation 
constructs were cloned in the same manner. ptub-Nuf2DCH domain-myc3/sagCAT was 
generated by fusion PCR amplification (Szewczyk et al., 2006) using primers Nuf2-Bam-
F, Nuf2D34-187-R, Nuf2D34-187-F, Nuf2-R-AvrII. ptub-Nuf2DIGNLR-myc3/sagCAT 
was generated by fusion PCR amplification using primers Nuf2-Bam-F, Nuf2-DIGNLR-
R, Nuf2-DIGNLR-F, and Nuf2-R-AvrII. QuikChange Site-directed mutagenesis was 
used to generate ptub-Nuf2-IGNLR:AAAAA-myc3/sagCAT with primers Nuf2-IGNLR:A-
F and Nuf2-IGNLR:A-R.  
 
5.4. PCR verification and homologous recombination 
The endogenous tagging constructs for TgNuf2 and TgNdc80 were generated as 
previously described (Huynh et al., 2009). Briefly, pNuf2-YFP-LIC/DHFR was cloned by 
amplifying 2 kb upstream of the stop codon using RH genomic DNA as template with 
primers Nuf2-LIC-F and Nuf2-LIC-R. pNdc80-myc3-LIC/DHFR was generated by 
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amplifying 2.9 kb upstream of the stop codon using the primers Ndc80-LIC-F and 
Ndc80-LIC-R. pYFP-LIC/DHFR and pmyc3-LIC/DHFR (kindly provided by Vern 
Carruthers, University of Michigan and Michael White, University of South Florida, 
respectively) were digested with PacI. Prior to transfection, pNuf2-YFP-LIC/DHFR and 
pNdc80-myc3-LIC/DHFR were digested within the homologous region using the 
restriction enzymes NarI and NsiI, respectively.  
 Three-way Gateway cloning (Invitrogen) was employed to generate the TgNuf2 
conditional knockdown vector. The entry clone plasmid pDONR221-5’Nuf2R1/R4 was 
generated by amplifying approximately 1 kb upstream of the promoter region (1.5 kb 
upstream of start codon) using RH genomic DNA as a template with primers 5’Nuf2-F-
B1 and 5’Nuf2-F-B2 and cloned into the pDONR221 P1/P4 plasmid (Rosowski et al., 
2011) (kindly provided by Jeroen Saeij, MIT). The entry clone plasmid pDONR221-
DHFR-T7S4 R4/R3 was generated by amplifying the DHFR selectable marker and 
Tet7Sag4 region from p2NdeI_DHFR_T7S4_myc3 (kindly provided by Lilach Sheiner 
and Boris Striepen) with primers DHFR-T7S4-F-B4r and DHFR-T7S4-R-B3r and cloned 
into the pDONR221 P4r/P3r plasmid (Jeroen Saeij). The entry clone plasmid 
pDONR221-Nuf2 R3/R2 was generated by amplifying 1.1 kb beginning at the start codon 
using RH genomic DNA as a template with primers Nuf2-F-B3 and Nuf2-R-B2 and 
cloned into the pDONR221 P3/P2 plasmid (Jeroen Saeij). The conditional knockout 
vector pTgKO2-T7S4pnuf2 was generated by combining the pTgKO2 (Jeroen Saeij), 
pDONR221-5’Nuf2R1/R4, pDONR221-DHFR-T7S4 R4/R3 and pDONR221-Nuf2 R3/R2 
plasmid in an LR reaction. The plasmid linearized prior to digestion using restriction 
enzyme PciI.  
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5.5. Immunofluorescence 
Immunofluorescence assays were performed as previously described (Gubbels et al., 
2006). Parasite strains of choice were inoculated in six-well plates containing coverslips 
with HFF cells and fixed and permeabilized with either 100% methanol or 4% 
paraformaldehyde and blocked in 1% BSA w/v in 1XPBS. The following primary 
antibodies were used: rabbit !-MORN1 1:2000 (Gubbels et al., 2006), rat !-IMC3 
1:2000-1:3000 (Anderson-White et al., 2011), rabbit !-human centrin 1:1000 (kindly 
provided by Iain Cheeseman, Whitehead Institute), mouse !-TgChromo1 1:500 (Gissot 
et al., 2012) (kindly provided by Mathieu Gissot, Institute Pasteur de Lille) mouse !-
CENP-A 1:20 (Francia et al., 2012) (kindly provided by Boris Striepen, University of 
Georgia), rabbit !-"-tubulin 1:500 (kindly provided by Naomi Morrissette, University of 
California, Irvine), rat !-HA 1:3000 (Roche), mouse !-myc 1:50 (Santa Cruz), rabbit !-
GFP 1:500 (Abgent), guinea pig !-Nuf2 1:2000 and guinea pig !-Ndc80 1:2000, mouse 
!-acetylated tubulin 1:1000, rabbit !-SFA 1:1000 (Francia et al., 2012) (kindly provided 
by Boris Striepen, University of Georgia). Alexa fluorophores A488 and A594 1:200 
(Invitrogen) conjugated to !-rat, !-rabbit, !-guinea pig and !-mouse secondary 
antibodies were used. Streptavidin conjugated to Alexa 594 1:500 was used to highlight 
the plastid (Jelenska et al., 2001). Nuclear material was co-stained with 4",6-diamidino-2-
phenylindole (DAPI).  
 
5.6. Fluorescence microscopy  
A Zeiss Axiovert 200 M wide-field fluorescence microscope equipped with a !-Plan-
Fluar 100X/1.3 NA and 100X/1.45 NA oil objectives and a Hamamatsu C4742-95 CCD 
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camera was used to collect images, which were deconvolved and adjusted for phase-
contrast using Volocity software (Improvision/Perkin Elmer).  
 
5.7. Plaque assays  
Six-well plates confluent with HFF cells were inoculated with 50 freshly lysed Nuf2-
cKD, TATi#Ku80, or complemented Nuf2-cKD parasites in Ed1 medium and incubated 
for 7 or 20 days in the presence or absence of 1.0 µg/ml ATc. The monolayer was then 
fixed with 100% ethanol for 10 minutes and stained with crystal violet to visualize the 
plaques (Roos et al., 1994).  
 
5.8. Generation of antisera 
To generate His6 N-terminal fusion proteins, the 5’-end prior to the coiled-coil domain of 
Nuf2 (1-160 aa) and Ndc80 (1-243 aa) were PCR amplified using cDNA as template and 
cloned into the pAVA0421 plasmid by LIC (Alexandrov et al., 2004). Fusion proteins 
were expressed in BL21 Escherichia coli using 30 µM IPTG at 30°C for four hours and 
purified under denaturing conditions over Ni-NTA Agarose (Invitrogen). Polyclonal 
antisera were generated by guinea pig immunizations (Covance, Denver, PA). Nuf2 
antisera were affinity purified against Nuf2 (1-160aa) recombinant protein using 
published methods (Gubbels et al., 2006).  
 
5.9. Oryzalin treatment  
Six-well plates confluent with HFF cells were inoculated with freshly lysed parasites in 
Ed1 medium and incubated for two hours. Intracellular parasites were treated with 2.5 
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µM oryzalin (Supelco) for 24 hours and then methanol fixed and analyzed by 
immunofluorescence.  
 
5.10. Western blot 
Western blots were performed according to previously published methods (Gubbels et 
al., 2006). Essentially, a 4-12% NuPAGE Bis-Tris gel (Invitrogen) was loaded with 
60x106 parasites. Proteins were transferred to a PDVF membrane (BioRad) and blocked 
with a solution of 5% milk and 1% BSA. Blots were probed with mouse !-c-myc-HRP 
antibody 1:2000 (Santa-Cruz Biotech) or mouse anti-!-tubulin 12G10 (University of 
Iowa Hybridoma Bank). Following a one-hour incubation the membranes were washed 3 
times with 1X PBST for 10 minutes and once with 1X PBS for 5 minutes. Signals were 
detected using chemiluminescent HRP substrate (Millipore) treatment and subsequently 
exposed to X-ray film. 
 
5.11. Sequence analysis  
Sequences were accessed from ToxoDB.org and NCBI (see Fig. 2.1 for accession 
numbers). Nuf2 and Ndc80 domains were predicted using the program SMART (Letunic 
et al., 2012, Schultz et al., 1998). Multiple sequence alignments were generated using the 
program MUSCLE (Edgar, 2004) and analyzed using Jalview (Waterhouse et al., 2009). 
Coiled-coil domains were predicted using the COILS server (Lupas et al., 1991) using a 
window width of 28 and a minimum score of 0.9.  
 
5.12. Trichostatin A Treatment  
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Six-well plates confluent with HFF cells were inoculated with freshly lysed RH parasites 
in Ed1 medium and incubated overnight. Intracellular parasites were treated with 100 nM 
TSA (Sigma) for one hour and then methanol-fixed and analyzed by 
immunofluorescence. 
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Table 5.1. List summary of all primer names and sequences (5’ to 3’) mentioned in this 
study. Restriction enzyme sites are underlined. AttB Gateway recombination sites are in 
bold font. Ligation independent cloning (LIC) extensions are in bold font and underlined. 
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Table 5.1. Primer Sequences 
Primer name:   sequence: 
RACE primers 
5RACE-Ndc80   CCTCGACTCCGGCCAGCTGAAGCTGTTG 
3RACE-Ndc80   GTCTGCTGGCGCAGTCGTCGGCGAAGAG 
5nesRA-Ndc80   CTCTTCGCCGACGACTGCGCCAGCAGAC  
3nesRA-Ndc80                CAACAGCTTCAGCTGGCCGGAGTCGAGG 
5RACE-Nuf2 GGCGAGAGGCGACCCACGGTGCGTTTTC 
3RACE-Nuf2           GGAGAGACGCGACGAGCTGCGTGTACAG 
5nesRA-Nuf2   CTGTACACGCAGCTCGTCGCGTCTCTCC 
3nesRA-Nuf2   GAAAACGCACCGTGGGTCGCCTCTCGCC 
YFP/RFP fusion primers 
Ndc80-Bc+N-F1   cagTGATCACATATGaaaATGCACGACCCGTCGGATCTG 
Ndc80-AvrII-R   cagCCTAGGGCAGCCGAGAGTGTACTTTTCGC 
Nuf2-Bam-F   cagGGATCCaaaATGGCTGCTCCGGGCCTGCC 
Nuf2v2-Avr-R   cagCCTAGGCTCGGCGTGACTATACATTG 
pndc80-PmeI-F   cagGTTTAAACAACCGTTGCGCTTGACTTGA 
pndc80-BglII-R   cagAGATCTTGGCGAGAAAAGAGAGACGAGA 
 
Recombinant protein expression / LIC primers 
Nuf2-LIC-F (rec. protein)  gggtcctggttcgATGGCTGCTCCGGGCCT 
Nuf2-LIC-R (rec. protein)  cttgttcgtgctgtttaTTAGCTTGCGAAACGCTGCACGC  
Ndc80-LIC-F (rec. protein)  gggtcctggttcgATGCACGACCCGTCGGATCT 
Ndc80-LIC-R (rec. protein)  cttgttcgtgctgtttaTTATCAGCAGTTCGCAGAGCCAT 
 
Complementation primers 
 
Nuf2-Bam-F   cagGGATCCaaaATGGCTGCTCCGGGCCTGCC 
Nuf2D34-187-F   ATAGTCCTTTCTTTCCTTCCCAGAGTCTCCAGAAGCTCAG 
Nuf2D34-187-R   CTGAGCTTCTGGAGACTCTGGGAAGGAAAGAAAGGACTAT 
Nuf2-R-AvrII   cagCCTAGGCTCGGCGTGACCATACATTG 
Nuf2-IGNLR:A-F   CTCCATGCAAAGGCCgctgccgcagcggctTTCATTCGGCTCTGC 
Nuf2-IGNLR:A-R   GCAGAGCCGAATGAAagccgctgcggcagcGGCCTTTGCATGGAG 
Nuf2-#IGNLR-F   CTCCATGCAAAGGCCTTCATTCGGCTCTGC 
Nuf2-#IGNLR-R   GCAGAGCCGAATGAAGGCCTTTGCATGGAG 
 
Conditional knockdown primers 
5’ Nuf2-F-B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTgcGGAACGTATGGCGACCTCTC 
5’ Nuf2-R-B4 GGGGACAACTTTGTATAGAAAAGTTGGGTGCGCGTGAATCCAAGAAGCGT 
Nuf2-F-B3 GGGGACAACTTTGTATAATAAAGTTGcgATGGCTGCTCCGGGCCTGCC 
Nuf2-R-B2 GGGGACCACTTTGTACAAGAAAGCTGGGTAGTCCTGGGAGAGAAACTGCAGG 
DHFR-T7S4-F-B4r   GGGGACAACTTTTCTATACAAAGTTGgccgtgactttcccgcaattttttcag 
DHFR-T7S4-R-B3r  GGGGACAACTTTATTATACAAAGTTGTggttgaagacagacgaaagcagt 
5’ Nuf2-VER-F   TCGCACTGTCGCAGACTTCC 
5’ DHFRCXR   ACTGCGAACAGCAGCAAGATCG 
DHFR_CVI-F_Test1  GTGCTGGACTGTTGCTGTCTGC 
Nuf2-IntVer-R   ctcaaagtgtagtgactccagc 
pNuf2-Pme-F   cagGTTTAAACCGCGAAAAAACGCTTCTGTGAACGC 
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pNuf2-Nhe-R   cagGCTAGCATTCTGTGCTTTCGGAAGGAAAACGAGC 
Endogenous tagging primers 
Nuf2-LIC-F (endo. tagging)  TACTTCCAATCCAATTTAATGCCCGCACCTCGGCTTTCGGA 
Nuf2-LIC-R (endo. tagging)  TCCTCCACTTCCAATTTTAGCCTCGGCGTGACTATACATTG 
Ndc80-LIC-F (endo. tagging)  TACTTCCAATCCAATTTAATGCATCAATCGTCGCGGCGAGGA 
Ndc80-LIC-R (endo. tagging) TCCTCCACTTCCAATTTTAGCGCAGCCGAGAGTGTACTTTTCGC 
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APPENDIX A: PROTEOMIC DISSECTION OF THE TOXOPLASMA 
KINETOCHORE  
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A.1. Introduction  
 
The kinetochore is a multiprotein structure assembled on eukaryotic centromeres 
mediating chromosome attachment to spindle microtubules. Identification and 
characterization of a series of kinetochore components has revealed the evolutionary 
conservation of these proteins across eukaryotes (Cheeseman et al., 2002, Choo, 2001). 
Unfortunately, detection of kinetochore components using annotated genomes proves 
challenging due to the variability in the primary sequence among eukaryotes (Akiyoshi et 
al., 2013). While we convincingly identified Toxoplasma homologs of Ndc80 and Nuf2 
through reciprocal BLAST searches with yeast and mammalian orthologues, our attempts 
to identify other kinetochore components by genome mining were unsuccessful. To this 
end, we dissected the proteome of the Toxoplasma kinetochore using co-
immunoprecipitations (co-IP) (Cheeseman et al., 2005) and the proximity-dependent 
biotin identification (BioID) (Roux et al., 2012) system in an effort to characterize its 
composition. While protein-protein interactions are routinely analyzed using co-IPs, this 
standard biochemical approach may fail to detect transient interactions. Additionally, 
protein (complex) insolubility will prevent identification of probable interactors. In 
contrast to the aforementioned biochemical approach, the BioID system identifies protein 
interactors in their native cellular environments using a promiscuous biotin ligase (Roux 
et al., 2012). Fusing a protein of interest with this biotin ligase results in the biotinylation 
of neighboring proteins following the addition of exogenous biotin (Roux et al., 2012). 
These biotinylated proteins are then enriched by a streptavidin pull-down and identified 
through mass spectrometry analysis.  
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Through the localization and affinity purification (LAP) approach I was able to 
conclusively demonstrate an interaction between Nuf2 and Ndc80 in Toxoplasma, 
however none of the putative candidates localized to the kinetochore. The BioID 
approach provided many candidates, which were reduced to seven highly likely 
candidates by mRNA expression profile analysis. These have not yet been experimentally 
validated.  
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A.2. Results  
 
A.2.1. Co-immunoprecipitations confirm Nuf2-Ndc80 interaction in Toxoplasma  
 
In an effort to dissect the composition of the Toxoplasma kinetochore we performed co-
immunoprecipitations (co-IP) using two independent transgenic parasite strains. To this 
end we used two different cell lines. The first is an RH strain stably expressing an 
exogenous TgNdc80 autofluorescent protein fusion driven by the !-tubulin promoter, 
whereas the second line stably expresses an autofluorescent protein from the endogenous 
TgNuf2 locus. Extracellular parasites were treated with a dounce homogenizer following 
lysis in a 0.05% solution of the non-ionic detergent Nonidet P-40 (NP-40) to ensure 
preservation of native protein complexes. Anti-Cherry antiserum coupled beads were 
incubated with the soluble protein extracts, subjected to glycine elution and subsequently 
analyzed by mass spectrometry. Our analysis of the Ndc80-Cherry sample identified a 
total of 72 proteins, including TgNuf2 and TgNdc80 (Table A.1). These results indicate 
the interaction between kinetochore proteins Nuf2 and Ndc80 is conserved in 
Toxoplasma. Moreover, our analysis revealed the presence of !- and "-tubulin (Table 
A.1) subunits, which strongly suggests Ndc80 serves as a microtubule-binding protein in 
Toxoplasma. The remaining annotated proteins had unrelated functions to that of TgNuf2 
and TgNdc80, therefore we focused solely on the six hypothetical proteins (Table A.1, 
bold font). While analysis of cell cycle expression profiles revealed only a single 
candidate (TGME49_031940) exhibited a similar profile to TgNuf2 and TgNdc80 (Fig. 
A.1), we generated C-terminal autofluorescent protein fusions of all six candidates. Live 
cell analysis revealed that none of hypothetical proteins localizes to the kinetochore (data 
not shown). 
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Mass spectrometry analysis of the Nuf2-YFP sample, immunoprecipitated with 
anti-YFP antiserum, identified a total of 27 proteins, including TgNdc80 and TgNuf2 
(Table A.2). This reciprocal immunoprecipitation conclusively demonstrates the 
interaction between the kinetochore proteins in Nuf2 and Ndc80 in Toxoplasma. 
Interestingly, of the remaining proteins, 20 (74% of the total) were previously identified 
in the mass spectrometry analysis of the Ndc80-Cherry sample. Once again, we focused 
exclusively on determining the localization of the novel four hypothetical proteins by 
generating C-terminal autofluorescent protein fusions. As each of the candidates exhibit 
distinct expression profiles compared to TgNuf2 and TgNdc80 (Fig. A.2), it was not 
unexpected that live cell analysis revealed none of the candidates localize to the 
kinetochore (data not shown).  
 
A.2.2. BioID system identifies potential kinetochore proteins in Toxoplasma  
While the results of our co-IPs conclusively demonstrated an interaction between TgNuf2 
and TgNdc80, we were unable to identify any additional kinetochore components. To this 
end, we fused the promiscuous biotin ligase BirAR118G to TgNuf2 and employed the 
BioID system (Roux et al., 2012). Following treatment with exogenous biotin we 
costained parasites stably expressing ptubNuf2BirA-myc3 with !-myc as well as 
Alexa594 conjugated streptavidin. Immunofluorescence analysis revealed colocalization 
of biotinylated proteins with TgNuf2 at the kinetochore (Fig. A.3A, arrows). In contrast, 
this localization was not detected in our RH control (Fig. A.3B), therefore we can assume 
these biotinylated proteins are specific TgNuf2 interactors. Moreover, western blot 
analysis using a myc antibody revealed bands consistent with the predicted size for the 
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triple myc-tagged TgNuf2-BirA fusion (110 kDa) (Fig. A.3C).  We sought to confirm our 
immunofluorescence results through Western blot analysis, however it was difficult to 
discern bands specific to potential interactors due to the overwhelming number of 
biotinylated proteins present in parasite lysates, most likely coming from the plastid (Fig. 
A.4)(Jelenska et al., 2001). Although our Western blot results were inconclusive, the 
colocalization of biotinylated proteins and TgNuf2 to the kinetochore prompted to move 
forward with this approach. Following treatment with 100 !M biotin for eight hours, 
parasites stably expressing ptubNuf2BirA-myc3 were lysed in a 1% solution of sodium 
dodecyl sulfate (SDS). Prior to mass spectrometry analysis, biotinylated proteins were 
captured using streptavidin agarose beads. In addition to a low number of identified 
proteins (64 total), we failed to detect TgNuf2 in our analysis (data not shown). 
Increasing the protein concentration yielded a significantly higher number of identified 
proteins (336 total), however TgNuf2 was still not detected (data not shown). 
We reasoned that the inability to detect TgNuf2 in this assay was due to the 
relatively low abundance of the kinetochore proteins compared to the seemingly large 
pool of naturally biotinylated proteins present in the plastid. In an attempt to remove this 
background we decided to first isolate the nuclear fraction, wherein the kinetochore 
resides, using established fractionation protocol (Suvorova et al., 2013).  We cultured 
intracellular parasites in the presence of 100 !M biotin and isolated the nuclear fraction. 
Following the fractionation, the extracts were washed vigorously with potassium chloride 
solutions varying in concentration (Fig. A.5). As shown in Figure A.5, the 400 mM KCl 
washes significantly reduced the nonspecific background, whereas the 600 mM KCl was 
proved too stringent.  Based on these results, parasites were lysed in a 0.1% solution of 
! "%* 
NP-40, nuclear extracts were washed thoroughly using a 400 mM KCl solution and 
prepared for streptavidin pull-down and mass spectrometry. Our analysis of the 
ptubNuf2BirA-myc3 sample identified a total 317 proteins, including TgNuf2. 
Additionally, we detected the cytoskeletal protein MORN1, which exhibits constitutive 
localization to the Toxoplasma centrocone, and two !- and "-tubulin subunits (Table 
A.3) previously identified in the Ndc80-Cherry co-IP sample (Table A.1). Furthermore, 
two hypothetical proteins (TgGT1_053780 and TgME49_032430) previously identified 
in the gNuf2-YFP and ptubNdc80-Cherry mass spectrometry analyses were also detected 
using the BioID system (Table A.3, asterisks). Live cell microscopy revealed a C-
terminal YFP fusion of TgGT1_053780 localizes to the cytoplasm. Preliminary 
localization studies of a C-terminal YFP fusion of TgME49_032430 revealed localization 
to the centrosome, however this was not directly validated by costaining with a 
centrosome marker. Since the remaining annotated proteins had unrelated functions to 
that of TgNuf2 and TgNdc80, we narrowed our analysis to the 35 hypothetical proteins. 
Further examination revealed seven hypothetical proteins, which exhibit expression 
profiles similar to the kinetochore proteins TgNuf2 and TgNdc80 (Fig. A.6). The 
subcellular localization of these seven candidates has not yet been performed.  
 
! "&+ 
A.3. Discussion  
There is much divergence between kinetochore proteins at the primary sequence level 
across species, however the kinetochore is functionally conserved in nearly all eukaryotes 
(Akiyoshi et al., 2013). While we convincingly identified the kinetochore proteins Ndc80 
and Nuf2 in the Toxoplasma genome (Chapter 2), our attempts to identify other 
components by genome mining were unsuccessful. In an effort to further characterize the 
composition of the Toxoplasma kinetochore, we dissected its proteome using co-IPs and 
the BioID system. Applying a canonical biochemical approach we conclusively 
demonstrated an interaction between Nuf2 and Ndc80 in Toxoplasma (Table A.1 and 
A.2). These results were obtained from two independent experiments using a RH strain in 
which TgNdc80 was ectopically expressed and a #ku80 strain endogenously expressing 
TgNuf2. Interestingly, 74% of proteins in the Nuf2-YFP sample were previously 
identified in our Ndc80-Cherry sample, demonstrating a significant level of background. 
Analysis of Ndc80-Cherry and Nuf2-YFP mass spectrometry results revealed few 
relevant annotated proteins. Identification of !- and "-tubulin subunits (Table A.1) 
confirms the role of Ndc80 as a microtubule-binding protein in Toxoplasma. This 
conclusion is further supported by the identification of CH domains, which mediate 
contact with microtubules, through sequence homology (Fig. 2.1B). The absence of 
annotated kinetochore proteins in our analyses was not unexpected due to the variability 
in the primary sequence of these proteins among eukaryotes (Akiyoshi et al., 2013). Cell 
cycle expression profile analysis of the hypothetical proteins revealed a single protein 
(TgME49_031940) with a profile similar to that of TgNuf2 and TgNdc80 (Fig. A.1 and 
A.2), however it did not exhibit localization to the kinetochore (data not shown). Based 
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on the variability of the remaining cell cycle profiles it was not unexpected that live cell 
analysis revealed none of the candidates localized to the kinetochore (data not shown).  
 While we were unable to identify any additional components of the Toxoplasma 
kinetochore, this approach did indeed prove successful, as we were able to conclusively 
demonstrate an interaction between TgNuf2 and TgNdc80. Our reciprocal detection of 
these kinetochore proteins could be attributed to the formation of a soluble, stable 
heterodimer. The high level of detected background and our inability to isolate additional 
kinetochore components are unlikely due to any technical challenges, as two independent 
experiments were performed using endogenously and ectopically expressed proteins and 
two different antibodies (!-mCherry and !-YFP). Conservatively increasing the salt 
concentration (from 400mM to 600mM) may prove effective in reducing the high level of 
nonspecific binding. Moreover, preclearing the lysates over the Protein A agarose beads 
prior to the co-IP may also decrease the high level background.  
 Our inability to identify novel kinetochore components using this biochemical 
approach may be attributed to insolubility of the protein complexes using a non-ionic 
detergent. Based on this assumption we chose to employ the BioID system, which 
identifies protein interactors in their native cellular environment. Immunofluorescence 
analysis of parasites stably expressing ptubNuf2BirA-myc3 revealed colocalization of 
biotinylated proteins with TgNuf2 at the kinetochore (Fig. A.3A, arrows). We were 
unable to conclusively identify these potential interactors using Western blot analysis due 
to the overwhelming number of biotinylated proteins present in the plastid (Fig. A.4). 
Mass spectrometry analysis of extracellular parasites treated with exogenous biotin failed 
to identify TgNuf2 in two independent experiments. Increasing the protein concentration 
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only raised the level of background; therefore we treated intracellular parasites with 
exogenous biotin and extracted the nuclear proteins. Since TgNuf2 is constitutively 
expressed in both intracellular and extracellular parasites, the stage at which exogenous 
biotin is added is likely unrelated to our ability to identify TgNuf2 and its interactors. The 
identification of TgNuf2 in the final sample can likely be attributed to the analysis of the 
nuclear fractions, thus eliminating the cytoplasmic and plastid proteins. Additionally, we 
detected MORN1, a cytoskeletal protein constitutively expressed at the Toxoplasma 
spindle pole (Table A.3)(Gubbels et al., 2006). These mass spectrometry results are 
supported by our previous finding that TgNuf2 exhibits persistent association with the 
spindle pole (Fig. 2.3E). While we identified two "-tubulin subunits and an !-tubulin 
subunit in our analysis (Table A.3), studies have shown the CH domain of TgNuf2 does 
not directly interact with microtubules (Alushin et al., 2010, Sundin et al., 2011). It is 
plausible these tubulin subunits are in fact interactors of TgNdc80 since the fusion ligase 
biotinylates both binding partners and neighboring proteins and two of these subunits 
were previously identified as TgNdc80 interactors (Table A.1). Our inability to detect 
TgNdc80 may be attributed to the positioning of this protein in relation to TgNuf2, which 
could prevent the fusion ligase from biotinylating lysines.  
 Detecting seven hypothetical proteins with similar cell cycle expression profiles 
to that of TgNuf2 and TgNdc80 proves promising in our quest to identify novel 
kinetochore proteins in Toxoplasma. Subcellular localization will be determined by 
generating autofluorescent fusions and using live cell microscopy. Additionally, the 
identification of hypothetical proteins using two independent methods warrants further 
investigation into the localization of these proteins. Although we were unable to detect 
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any functional domains, it is plausible the addition of a YFP tag at the C-terminus 
disrupts the localization of the hypothetical protein TgGT1_053780. To conclusively 
determine if protein localizes to the cytoplasm, we will generate a construct with an 
autofluorescent protein at the N-terminus. Additionally, we will conclusively determine 
the localization of ptubTgME49_032430-YFP using established cell cycle markers.  
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Table A.1. Summary of mass spectrometry analysis of ptubNdc80-Cherry sample     
 
Proteins identified in the mass spectrometry analysis were analyzed using SEQUEST 
software in conjunction with the genomes of the Toxoplasma reference strains (GT1, 
ME49 and VEG). A total of 72 proteins were identified in the analysis. The six 
hypothetical proteins analyzed by live cell microscopy are highlighted in bold font.  
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Table A.1. Summary of mass spectrometry analysis of ptubNdc80-Cherry sample     
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Figure A.1. Cell cycle expression profile analysis of hypothetical candidates 
identified in ptubNdc80-Cherry mass spectrometry data analysis  
 
Cell cycle expression profiles of the six hypothetical proteins identified through mass 
spectrometry analysis. Expression profiles of the kinetochore proteins TgNuf2 and 
TgNdc80 are included for reference. TGME49_031940 corresponds to TGGT1_115820 
(see Table A.1). The cell cycle expression profile data were acquired from Behnke  et al. 
(Behnke et al., 2010).  
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Figure A.1. Cell cycle expression profile analysis of hypothetical candidates 
identified in ptubNdc80-Cherry mass spectrometry data analysis 
 
! "'# 
Table A.2. Summary of mass spectrometry analysis of gNuf2-YFP sample 
 
 
Proteins identified in the mass spectrometry analysis were analyzed using SEQUEST 
software in conjunction with the genomes of the Toxoplasma reference strains (GT1, 
ME49 and VEG). A total of 27 proteins were identified in the analysis. The four 
hypothetical proteins analyzed by live cell microscopy are highlighted in bold font. 
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Table A.2. Summary of mass spectrometry analysis of gNuf2-YFP sample 
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Figure A.2. Cell cycle expression profile analysis of hypothetical candidates 
identified in gNuf2-YFP mass spectrometry data analysis 
 
Cell cycle expression profiles of the four hypothetical proteins identified through mass 
spectrometry analysis. Expression profiles of the kinetochore proteins TgNuf2 and 
TgNdc80 are included for reference. TGME49_079100 corresponds to TGGT1_053780 
(see Table A.2).  
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Figure A.2. Cell cycle expression profile analysis of hypothetical candidates 
identified in gNuf2-YFP mass spectrometry data analsysis 
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Figure A.3. Biotinylated proteins colocalize with TgNuf2 to the kinetochore   
 
Prior to inoculation HFF cells were saturated with 100 !M biotin overnight. Following 
saturation, cells were inoculated with parasites and cultured in the presence of 100 !M 
biotin overnight. Following incubation parasites were subjected to methanol fixation and 
immunofluorescence. !-myc (green); Streptavidin conjugated to A594 (red). DAPI 
highlights the nucleus. (A) Parasites stably expressing ptubNuf2BirA-myc3 show 
biotinylated proteins colocalizing with TgNuf2 at the kinetochore (arrow). (B) RH 
parasites cultured in the presence of biotin show biotinylated proteins localizing only to 
the plastid. (C) Western blot analysis of parasites stably expressing ptubNuf2BirA-myc3 
cultured in the presence (+) or absence (-) of biotin.  
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Figure A.3. Biotinylated proteins colocalize with TgNuf2 to the kinetochore   
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Figure A.4. Western blot analysis of ptubNuf2BirA-myc3 parasites cultured in the 
presence of biotin 
 
Extracellular parasites were cultured in the presence (+) or absence (-) of 100 !M biotin 
for eight hours. An equal number of parasites were loaded in each lane.  
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Figure A.4. Western blot analysis of ptubNuf2BirA-myc3 parasites cultured in the 
presence of biotin 
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Figure A.5. Western blot analysis of nuclear extraction following treatment with 
exogenous biotin  
 
Intracellular parasites stably expressing ptubNuf2BirA-myc3 were treated with 100 !M 
biotin. Western blot comparing the abundance of biotinylated proteins in the cytoplasmic 
and nuclear fractions. Each of the lanes denoted as S and P represent washes. Note the 
decrease in detection of proteins in the nuclear fraction following the wash with 600 mM 
KCl.  
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Figure A.5. Western blot analysis of nuclear extraction following treatment with 
exogenous biotin  
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Table A.3. Summary of mass spectrometry analysis of ptubNuf2BirA-myc3 sample 
 
Proteins identified in the mass spectrometry analysis were analyzed using SEQUEST 
software in conjunction with the genomes of the Toxoplasma reference strains (GT1, 
ME49 and VEG). A total of 317 proteins were identified in the analysis. The summary 
includes the hypothetical proteins and the related annotated proteins. The hypothetical 
proteins identified in previous mass spectrometry analyses gNuf2-YFP (*) and 
ptubNdc80-Cherry (**) are also included in the summary.   
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Table A.3. Summary of mass spectrometry analysis of ptubNuf2BirA-myc3 sample 
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Figure A.6. Cell cycle expression profile analysis of hypothetical candidates 
identified in ptubNuf2BirA-myc3 mass spectrometry data analysis 
 
Cell cycle expression profiles of the seven hypothetical proteins, which exhibit similar 
profiles to the kinetochore proteins TgNuf2 and TgNdc80, identified through mass 
spectrometry analysis. Expression profiles of TgNuf2 and TgNdc80 are included for 
reference. TGGT1_043170 corresponds to TGME49_063080.  
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Figure A.6. Cell cycle expression profile analysis of hypothetical candidates 
identified in ptubNuf2-BirA-myc3 mass spectrometry data analysis 
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A.4. Materials and Methods  
 
A.4.1. Parasites  
RH strain parasites and transgenic derivatives were maintained as described in Chapter 5.  
 
A.4.2. Plasmids  
All primer sequences are listed in Table A.1.  The plasmid ptubNuf2BirA-myc3/sagCAT 
was generated amplifying BirA from the plasmid pmornmyc2BirA-MORN1/sagCAT 
using the primers BirA-AvrII-F and BirA-NheI-R. The insert, digested with AvrII/NheI, 
was cloned into the ptubNuf2-myc3/sagCAT plasmid using the restriction enzyme AvrII. 
Candidate open reading frames were amplified using type I (RH strain) or type II 
(Prugniaud strain; Peter Bradley, UCLA) cDNA. The inserts were digested with 
BglII/AvrII, BglII/NheI or BclI/NheI and cloned into the ptub-YFP2(MCS)/sagCAT 
plasmid digested with BglII/AvrII. Endogenous tagging constructs were generated as 
previously described in Chapter 5. Prior to transfection, GT1_121130 was linearized 
using MfeI; TgGT1_096800 and TgGT1_065330 with NsiI; TgGT1_115820 and 
TgGT1_115200 with EcoRV; TgGT1_022650 with PflM1; and TgGT1_092700 with 
XcmI.  
 
A.4.3. Immunofluorescence 
IFAs were performed as previously described in Chapter 5. The following primary 
antibody was used: mouse !-myc 1:50 (Santa Cruz). Alexa fluorophore A488 1:200 
(Invitrogen) conjugated to an !-mouse secondary antibody was used. Streptavidin 
! "#& 
conjugated to Alexa 594 1:500 was used to highlight the plastid (Jelenska et al., 2001). 
Nuclear material was co-stained with 4!,6-diamidino-2-phenylindole (DAPI).  
 
A.4.4. Fluorescence microscopy  
Fluorescence microscopy was performed as previously described in Chapter 5.  
 
A.4.5. Biotin treatment  
Confluent HFF cells were incubated with 100 µM biotin (Sigma) overnight. Following 
incubation the HFF media was removed, the cells were washed with 1X PBS and 
inoculated with freshly parasites stably expressing ptubNuf2BirA-myc3/sagCAT in Ed1 
medium. The parasites were cultured in the presence of 100 µM biotin overnight. 
Following incubation parasites were subjected to methanol fixation and 
immunofluorescence.  
 
A.4.6. Preparation of biotinylated proteins  
Extracellular parasites were filtered using a 3 µM polycarbonate filter and incubated with 
100 "M biotin for 8 hours at 37°C. Following incubation parasites were centrifuged at 
1000 x g for 15 minutes at room temperature. Parasite pellets were washed with 1XPBS 
and resupsended with resupension buffer. Following the addition of protease inhibitors, 
parasites were lysed using 1% SDS and incubated at 98°C for 10 minutes. Lysates were 
stored at -20°C until further use.  
 
A.4.7. Extraction of nuclear proteins  
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Following saturation, T175s with confluent HFF cells were inoculated with freshly lysed 
parasites stably expressing ptubNuf2BirA-myc3/sagCAT in Ed1. The parasites were 
cultured in the presence of 100 µM biotin until lysis. Extracellular parasites were filtered 
through a 3 µM polycarbonate filter and centrifuged at 24°C, 1000 x g for 15 minutes and 
then washed once using 1X PBS. Parasites were first lysed on ice using a previously 
described buffer (0.1% [v/v] Nonidet P-40, 10 mM HEPES pH 7.4, 10 mM KCl, 10% 
[v/v] glycerol, with protease inhibitors) (Suvorova et al., 2013) then centrifuged at 4°C, 
6,000 x g for 8 minutes. Following lysis, the pellet was washed 3x with 400 mM KCl 
then centrifuged at 4°C, 6,000 x g for 8 minutes. Finally, the pellet was resuspended in 
resuspension buffer (RB) with protease inhibitors and lysed in 1% SDS for 10 minutes at 
95°C. The lysate was stored at -20°C until further use.  
 
A.4.8. Western blot  
Western blots were performed as previously described in Chapter 5.  
 
A.4.9. Bead trypsin digestion of biotinylated proteins  
This work was performed at the Chemistry Department in collaboration with Yani Zhou 
and Eranthie Weerapana. First, 1ml of 1.2% SDS was added to the lysates, which were 
then heated at 90°C for 5 minutes and centrifuged at 4°C, 14000rpm for 5 minutes. The 
supernatant was transferred to a 15ml conical tube containing 4ml of 1X PBS. 200 µl (per 
sample) streptavidin agarose beads were washed 2x with 500 µl of 1X PBS. The beads 
were transferred to the conical tube containing the lysate. The remaining beads were 
collected by adding an additional 500 µl of 1X PBS to the tube (for a total volume of 6 
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ml). The solution was incubated overnight on the rotating wheel at 4°C. The following 
day, the tubes were removed from the cold room and were rotated at room temperature 
for 2 hours. The samples were centrifuged at 4°C, 1400 x g for 3 minutes and the 
supernatant was removed. Next, the beads were washed in 5ml 0.2% SDS, 3x in 5ml 1X 
PBS and 3x in 5ml dH2O. After each wash the sample was centrifuged 4°C, 1400 x g for 
3 minutes. After the last wash, the beads were resuspended in 500 µl dH2O and 
transferred to a screwcap tube. An additional 500 µl of dH2O was added to collect any 
residual beads. The beads were centrifuged at RT, 10000rpm for 2 minutes and the 
supernatant was discarded. 500 µl of 6M urea (prepared fresh) was added to the beads. 
Next, 25 µl of DTT (30 mg/ml in 1X PBS) (prepared fresh) was added to the beads and 
heated at 65°C for 15 minutes. Following the incubation, 25 µl of iodoacetamide (IAA) 
(14 mg/ml) (prepared fresh) was added to the solution and incubated for 30-45 minutes at 
37°C. Following the incubation, 950 µl of 1X PBS was added to each tube. The sample 
was quickly centrifuged and the supernatant was removed. Next the trypsin-premix 
solution was added (200 µl 2M urea, 2 µl CaCl2, 4 µl trypsin [Promega]). The sample 
was rotated overnight at 37°C. The following day the entire sample was transferred to 
spin columns assembled in 2 ml Eppendorf tubes. 50 µl of dH2O was added to ensure 
collection of all beads. The sample was centrifuged at RT, 15000rpm for one minute and 
washed with 50 µl of dH2O. Following the wash 15 µl of formic acid was added to the 
flowthrough. The samples were stored at 4°C.  
 
A.4.10. Co-immunoprecipiation  
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The IP was performed as previously described, however minor modifications were made 
to properly harvest the parasites (Cheeseman et al., 2005). Multilayer T-600 flasks with 
confluent HFF cells were inoculated with parasites stably expressing tubNdc80-
Cherry/sagCAT or gNuf2-YFP/DHFR. Extracellular parasites were filtered through a 3 
µM polycarbonate filter and centrifuged at 24°C, 1000 x g for 15 minutes and then 
washed twice using 1XPBS. Parasites were lysed in 3 ml of Lysis Buffer (50 mM 
HEPES, pH 7.4, 1 mM EGTA, 1 mM MgCl2, 100 mM KCl, 10% glycerol, 0.05% NP-40) 
using a dounce homogenizer. Protease inhibitor, PSMF was added to the Lysis Buffer 
(1:1000), just prior to use. The lysate was centrifuged at 2°C, 37500 rpm for 10 minutes. 
The supernatant was collected and centrifuged at 2°C, 37500 rpm for 20 minutes. A final 
concentration of 300 mM KCl was added to the supernatant. 300 µl coupled !-mCherry 
beads and !-GFP beads (kindly provided by Iain Cheeseman, Whitehead Institute) were 
pre-eluted using 100 mM glycine pH 2.5. The beads were washed 3 x 1 ml using Wash 
Buffer I (50 mM HEPES, pH 7.4, 1 mM EGTA, 1 mM MgCl2, 300 mM KCl, 10% [v/v] 
glycerol, 0.05% [v/v] NP-40). Following the washes, the beads were rotated with the total 
extract for 1.5 hrs at 4°C. Beads were rinsed 3 x 1 ml with Wash Buffer II (50 mM 
HEPES, pH 7.4, 1 mM EGTA, 1 mM MgCl2, 300 mM KCl, 0.5 mM DTT 0.05% [v/v] 
NP-40) and washed 2 x 5 min with Wash Buffer II. Protease inhibitor, PSMF was added 
to the Wash Buffer II (1:1000), just prior to use. Prior to elution the beads were washed 
with Wash Buffer III (50 mM HEPES, pH 7.4, 1 mM EGTA, 1 mM MgCl2, 100 mM 
KCl, 10% [v/v] glycerol). Following the IP, the beads were eluted 3x with 500 µl 0.1M 
Glycine pH 2.6. Elutions were neutralized with 500 µl 2 M Tris pH 8.5 and then pooled. 
Next, 1/5th total volume of 100% Trichloroacetric acid was added to the pooled elutions 
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and stored at 4°C overnight. Following precipitation, the samples were washed 2 x 500 µl 
cold acetone and centrifuged at 4°C, 14000 rpm for 10 minutes. The samples were then 
speed vacuumed for 5 minutes and then sent directly for mass spectrometry.  
 
A.4.11. Mass spectrometry analysis   
Analysis of the co-IP samples was performed in collaboration with Iain Cheeseman using 
an LTQ XL Ion trap mass spectrometer (Thermo Fisher Scientific) as previously 
described (Washburn et al., 2001) using reverse phase (C18) separation. Analysis of the 
BioID samples was performed in collaboration with Eranthie Weerapana as previously 
described (Weerapana et al., 2007) using an LTQ-Orbitrap mass spectrometry (Thermo 
Fisher Scientific) using C18 reverse phase resin (Phenomenex).  
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Table A.4. List summary of all primer names and sequences (5’ to 3’) mentioned in 
Appendix A. Restriction enzyme sites are underlined. Ligation independent cloning (LIC) 
extensions are in bold font and underlined. 
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Table A.4. Appendix Primer Sequences 
 
 
Primer name:   sequence: 
BioID primers  
 
BirA-AvrII-F  cagCCTAGGgacaaggacaacaccgtgcc 
BirA-NheI-R  cagGCTAGCcttctctgcgcttctcaggg 
Candidate primers  
GT1096800-BglII-F  cagAGATCTaaaATGGTTCGGGGAGCATACAG 
GT1096800-AvrII-R cagCCTAGGAAGACTGTTGTCCATAG 
GT1065330-BglII-F  cagAGATCTaaaATGACATTTCTTTCCTGCAG  
GT1065330-AvrII-R  cagCCTAGGCGCTGCCTCTTTGCCTTGGC  
GT1115820-BglII-F  cagAGATCTaaaATGGATTCCTCTTCTGGAAC  
GT1115820-AvrII-R  cagCCTAGGACTTTGCAGACGTTTCATCTG 
GT1022650-BglII-F  cagAGATCTaaaATGCTCAGTGTGGACGGCGT  
GT1022650-AvrII-R cagCCTAGGTGCACTCTGCTGGAGTTG  
GT1022650-BglII-F  cagAGATCTaaaATGCTGTTCGATACATTAGAGAGG  
GT1022650-AvrII-R  cagCCTAGGGTTCTGCCATCTTCGCTGGACTG  
GT1121130-LIC-F  TACTTCCAATCCAATTTAATGCAGTCGATGGAGGCCGGCGAT  
GT1121130-LIC-R  TCCTCCACTTCCAATTTTAGCGAAGTTTCTCAAGTTCGGTTTCG  
GT096800-LIC-F   TACTTCCAATCCAATTTAATGCacagtcgctcggcccaaa  
GT096800-LIC-R   TCCTCCACTTCCAATTTTAGCAAGACTGTTGTCCATAGAAACATCC 
GT065330-LIC-F   TACTTCCAATCCAATTTAATGCAGAACTCTTCTGCGATCGTAGC  
GT065330-LIC-R   TCCTCCACTTCCAATTTTAGCCGCTGCCTCTTTGCCTTGGC 
GT115820-LIC-F   TACTTCCAATCCAATTTAATGCTGTGCTCCTCCCTACGTCGTGG  
GT115820-LIC-R   TCCTCCACTTCCAATTTTAGCACTTTGCAGACGTTTCATCTGTGCC  
GT022650-LIC-F   TACTTCCAATCCAATTTAATGCCCGTGTTCAAACTGGCGCAGA  
GT022650-LIC-R   TCCTCCACTTCCAATTTTAGCTGCACTCTGCTGGAGTTGTTGA 
GT115200-LIC-F   TACTTCCAATCCAATTTAATGCacaacctcgtagaggtgaag 
GT115200-LIC-R  TCCTCCACTTCCAATTTTAGCTAATGTGCATGCTAGTTCTGCC  
039700-BglII-F   cagAGATCTaaaATGGACGGTGACTTCGGCG 
039700-AvrII-R   cagCCTAGGGTTGGACTCTCCAGGCTTCTC 
279100-BglII-F   cagAGATCTaaaATGTGGCGCATCTGGAGATG 
279100-NheI-R   cagGCTAGCGTCGCCTTGCGGAAACGTGT 
018650-BglII-F   cagAGATCTaaaATGGAAGCCGACCTGCTGGTG 
018650-AvrII-R   cagCCTAGGGCCACACTTTCCCCTTCCCGC 
092700-BclI-Fv2   cagTGATCAaaaATGGCGCCCAAGAAGAAAGGCATTTCC 
092700-NheI-Rv2   cagGCTAGCTTTCTTCTTCTTCGTGCTCTTCTCTCCCTC 
092700-LIC-F   TACTTCCAATCCAATTTAATGCCTATCAAGTGCCCTCGACTTTC 
092700-LIC-R   TCCTCCACTTCCAATTTTAGCTTTCTTCTTCTTCGTGCTCTTCTC 
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